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Broadband wireless packet access with an all-IP architecture has emerged as the 
preferred platform to deliver higher data rates and provide more diverse services than 
the current wireless systems. Therefore, the design of a flexible and scalable new air 
interface has to take into account the fact that the dominant wireless traffic load will be 
high-speed and bursty in nature. This poses great challenges to the existing air interface 
technologies. 
This thesis investigates various means to cope with this design challenge. Firstly, a new 
concept of using block spread (BS) is proposed to deal with multi-user interference for 
high data rate transmission. This achieves near single user performance without using 
complex multi-user detection (MUD) techniques because the code orthogonality of BS 
is easily maintained when the channel variation across the consecutive blocks, in a 
block by block high data rate transmission, is negligible. Specifically, a block-spread 
code division multiple access (BS-CDMA) scheme is proposed to combat multiple 
access interference (MAI) and multipath interference (MPI) for uplink transmission, 
giving rise to a significantly improved multi-user performance in a broadband wireless 
channel. Extending the concept of BS, we have investigated a two-layer spreading 
CDMA (TLS-CDMA) scheme, in which an additional two-layer cell-specific 
scrambling code is used to tackle other cell interference (OCI) and achieve a lower data 
rate for higher-quality transmission in a multi-cell system. With analytical and 
simulation results showing their superiority over the existing single carrier scheme, 
these two schemes can enhance the performance of the conventional DS-CDMA 
system. 
Secondly, the proposed BS concept can be viewed as providing an additional domain 
 VI
for multi-user allocation. In particular, a block spread interleaved frequency division 
multiple access (BS-IFDMA) scheme has been formulated to use this additional 
domain to support more users on top of the IFDMA domain. With the priority of 
allocating multiple users in the block spread code domain and then in frequency, 
BS-IFDMA can achieve larger frequency diversity than the conventional IFDMA 
scheme for the same number of users and bandwidth when the channel variation across 
the consecutive block is negligible. Two interference cancellation methods based on 
users’ mobility have been proposed to enhance its performance when the channel 
variation across the consecutive blocks is not negligible. In addition, a 
two-dimensional code spreading IFDMA (TCS-IFDMA) scheme, which uses the BS 
concept for additional multi-users allocation, has also been proposed to combat MAI 
and OCI more efficiently. The analysis and simulation studies show that the proposed 
TCS-IFDMA scheme enhances the variable spreading and chip repetition factor 
CDMA (VSCRF-CDMA) scheme significantly by prioritizing users in the time 
domain spreading according to the cell structure, channel conditions and the active 
number of users. It can realize seamless handover between the cellular system and the 
hot-spot system using the same air interface deployed. 
Lastly, this thesis also deals with the design of air interface over ultra-wideband (UWB) 
channel (>500MHz bandwidth) with dense multipaths. A multi-band UWB system 
using over-sampling multi-channel equalizer has been proposed to transmit ultra-high 
data rate at low cost and power. Through detailed analytical and simulation studies, the 
proposed scheme is shown to be able to handle inter-symbol interference (ISI) and 
harness the rich multipath diversity under any channel conditions. 
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1.1 Overview of Air Interface for Broadband Wireless 
Packet Access 
Broadband wireless packet access should deliver much higher data transmission rates 
and provide more diverse services than current 2-3G systems. All-IP wireless 
architecture has emerged as the most preferred platform for broadband wireless packet 
access. Therefore, the design of a new air interface for broadband wireless packet 
access has to take into account the fact that the dominant load in the wireless channels 
will be high-speed and bursty in nature. The necessity to support such high-capacity 
bursty traffic in extremely unpredictable wireless channels has already posed great 
challenges to all existing air interface technologies. 
Many research initiatives have been underway to investigate the multiple access 
technologies that could be most suitable for next generation wireless applications. 
Some suggested that current code-division multiple access (CDMA) technologies, all 
based on direct-sequence (DS) CDMA, are suited only for slow-speed continuous 
transmission applications such as voice services, but may not be a good choice for next 
generation high-speed burst-type broadband wireless packet access. 
Therefore, a new wave of worldwide research is on the way for next-generation 
multiple access technologies, which should effectively address all the constraints and 
problems existing in current technologies, such as poor bandwidth efficiency, strictly 






The study of next-generation multiple access technologies involves many cutting edge 
research topics, such as broadband CDMA design, time-frequency adaptive 
equalization, interference-free CDMA architecture [1][2], orthogonal 
frequency-division multiplexing (OFDM) techniques and multiple-input 
multiple-output (MIMO) algorithms [3][4][5]. These will serve as a stimulus to 
accelerate technological evolution of multiple access technologies for next generation 
wireless applications.  
Since the focus of this thesis is air interface suited for next generation broadband 
wireless packet access, a brief historical review of its worldwide development is given 
in the following. 
First Generation Wireless Systems: Advanced Mobile Phone System (AMPS) and 
Total Access Communication System (TACS) were introduced in the USA and the UK 
respectively [6]. All these systems were based on analog technology and were often 
dubbed as the first generation (1G) cellular system. They used two separate frequency 
bands for duplexing of downlink (from base to mobile station) uplink (from mobile to 
base station) communications to carry only voice transmission. These two bands were 
separated by a “guard band” for the isolation between the downlink and uplink signals. 
Multiple-access is enabled by assigning different users with separate frequencies, and 
this is known as frequency-division multiple access (FDMA). As 1G system did not 
envision worldwide deployment, different 1G systems employed different frequency 
bands, and hence not interoperable. 
Second Generation Wireless Systems: The Global System for Mobile 






generation (2G) of cellular systems which were based on digital technology. There are 
three other major 2G standards: the North American Interim Standard 54 (IS-54) that 
later on improved into IS-136, the Japanese Pacific Digital Cellular (PDC) standard, 
and IS-95 in North America and South Korea [7]. GSM, IS-54/IS-136, and PDC used 
time-division multiple-access (TDMA) while IS-95 used code-division multiple-access 
(CDMA). The principle of TDMA is to separate the signals of different users by 
different time slots, i.e., multiplexing is done in the time domain. With CDMA the 
signals of different users are separated by different codes, whereas a common 
frequency band is shared by all users all the time. With 2G systems the transition from 
analog to digital was largely completed.  
2.5G was an extension to the 2G systems, adding features such as packet-based services 
instead of circuit-switched services and enhanced data rates [8]. Generalized Packet 
Radio Service (GPRS) was a 2.5G system, which was an upgrade of GSM and IS-136. 
GPRS offered a maximum data rate of 115 Kbps. Another proposed 2.5G standard was 
Enhanced Data rates for GSM Evolution (EDGE) which was able to boost the 
theoretical data rate to 384 Kbps. EDGE could be even used as a pseudo-3G network as 
it offered significantly higher data rates with the same 2G spectrum without incurring 
exuberant 3G spectrum licensing costs for operators. The 2.5G upgrade of IS-95 was 
IS-95b which had added packed switched capabilities and offered data rates up to 115 
Kbps. 
Third Generation Wireless Systems: International Mobile Telecommunications-2000 
(IMT-2000) was the global standard for 3G wireless communications, defined by a set 






(ITU) [9]. 3G standards have been developed specifically to support high-speed data 
services (from 144 Kbps to 2 Mbps), including multimedia services such as high-speed 
internet, video and high quality image transmission. There were three different 3G 
standards in IMT-2000, namely the European and Japanese Wideband-CDMA 
(W-CDMA) [10], the American CDMA 2000 [11] and the Chinese Time-Division 
Synchronous CDMA (TD-SCDMA) [12]. All these standards were based on CDMA 
and operated around 2GHz. W-CDMA and CDMA2000 were frequency-division 
duplex (FDD) systems, while TD-SCDMA was a time-division duplex (TDD) system. 
In contrast with FDD, in which a pair of frequency bands is used for downlink and 
uplink separately, TDD uses a single frequency band for both downlink and uplink in 
different time slots. TDD requires a guard time instead of a guard band between 
downlink and uplink streams. TDD was chosen as duplexing scheme as it offered 
several advantages over FDD: 
 Firstly, with TDD a flexible and dynamic asymmetric downlink and uplink 
transmission can be easily achieved by simply assigning unequal numbers of slots 
or different lengths of slots to down- and uplink; 
 Secondly, TDD requires only one frequency band while FDD requires two. This 
makes TDD especially attractive as frequency spectrum is a scarce resource 
nowadays and as in some situations it is not possible to provide a guard band of 
sufficient size which is required for FDD; 
 Thirdly, in TDD, the channel reciprocity between downlink and uplink can be 
exploited to obtain approximate channel knowledge at the transmitter. This 






However, TDD also exhibits some disadvantages compared to FDD,  
 The cell size cannot be large; 
 Cannot support users with very high mobility; 
The world’s first 3G services based on W-CDMA technology was Freedom of Mobile 
multi-media Access (FOMA), launched in October 2001 in Japan. Also, in many other 
countries 3G systems have recently been launched or are planned to be launched in the 
near future. 
Meanwhile, the enhanced version of 3G system, called high speed downlink packet 
access (HSDPA) and high speed uplink packet access (HSUPA) have been defined 
and deployed to increase the data rate up to 30 Mbps [13][14]. Moreover, the 
evolution roadmap for all these three standards has been considered respectively to 
further improve the system capacity [15] [16] [17]. 
Fourth Generation (or called Beyond 3G (B3G)) Wireless Systems 
4G is defined in many different ways. However, most of the definitions are equally true. 
Several 4G definitions are given as follows [18]: 
 4G is the next generation of wireless networks that will replace 3G networks in the 
future; 
 4G is a mobile communications system that can provide a data rate of at least 100 
Mbps between any two points in the world. In addition, between two points at short 
range, 1 Gbps will be possible; 







 4G is a conceptual framework whose objective is to satisfy future requirements for 
universal wireless network that will provide high data rates and a seamless 
interface with a wireline backbone network; 
In June 2003, ITU approved the Recommendation ITU-R M.164 “Framework and 
overall objectives of the future development of IMT-2000 and system beyond 
IMT-2000” [18]. This document defines ITU-R’s vision for 4G/B3G system and a 
basis of future ITU-R’s activities. Figure 1-1 shows ITU-R vision for 4G/B3G system. 
A new radio interface to support new services and applications is defined. There is a 
strong correlation between the ITU vision and the above listed 4G definitions. Figure 
1-2 further zoom into the roadmap of 4G/B3G system according to mobility vs. peak 
data rate that has been shown as a small icon in Figure 1-1. It shows that 4G can 
support much higher data rate with higher mobility as described in 4G definition, thus 
creating many promising applications, such as IPTV.  
 







As recognized in [18], the ITU vision for 4G/B3G systems comprises two major paths: 
 Integration and internetworking of existing and evolving access systems in the 
sense “optimally connected anywhere, anytime” on a packet based core network; 
 Development of new wireless access systems for the terrestrial component as a 
complement to the enhanced IMT-2000 and other radio systems. It is envisioned 
that a new radio interface of future mobile and wireless communications systems 
will support data rates of up to approximately 100 Mbps for high mobility such as 
mobile access and up to approximately 1 Gbps for low mobility such as 
nomadic/local area wireless access; 
 
Figure 1-2 Roadmap of 4G system 
At the moment, there are many research initiatives for various technologies suitable for 
4G air interface, which often include multi-carrier (MC) techniques such as OFDM and 
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related schemes like orthogonal frequency-division multiple-access (OFDMA) and 
combinations of OFDM with CDMA, e.g., multi-carrier code-division multiple-access 
(MC-CDMA), multi-carrier direct-sequence code-division multiple-access 
(MC-DS-CDMA), and spread-spectrum multi-carrier multiple-access (SS-MC-CDMA) 
[20]-[23]. In the following several 4G initiatives are summarized.  
WWRF Initiative: In early 2001 a consortium of partners led by Alcatel, Ericsson, 
Motorola, Nokia and Siemens founded the World Wireless Research Forum (WWRF) 
[24] [25]. This forum was focused on: 
 Formulation of a consistent vision of future wireless communications; 
 Generation, identification, and promotion of research areas and technical trends for 
mobile and wireless technologies; 
 Contribution to the definition of research programs; 
 Facilitation of future 4G standardization by harmonizing different views; 
NTT DoCoMo Initiative: In Japan, NTT DoCoMo has been conducting 4G research 
since 1998. NTT DoCoMo carried out some of the first 4G field tests in the world in 
October 2002. Data rates of 100 Mbps in downlink and 20 Mbps in uplink were 
achieved. In more recent field tests conducted in 2004 a maximum downstream data 
rate of even 1Gbps with 100MHz bandwidth in the downlink was demonstrated. A 
forecast of NTT DoCoMo is that the data rates offered by 4G systems will be 100 times 
higher than that of 3G systems. 
The air-interface proposal of NTT DoCoMo is a FDD system based on a flexible 






frequency-and code division multiplexing (VSF-OFCDM), and on VSCRF-CDMA in 
the uplink [26] [27].  
4MORE Project: In Europe, within the Information Society Technologies (IST) 
programme, the MC-CDMA Transmission Techniques for Integrated Broadband 
Cellular System (MA-TRICE) project dealt with the definition and validation of access 
and transmission concepts based on MC-CDMA technology for the air interface 
component of 4G systems. The MA-TRICE project was followed by a 4G MC-CDMA 
Multiple Antenna System on Chip for Radio Enhancements (4MORE) project which 
was another IST project conducted by almost the same consortium of partners. The 
objective of this project was to use the experiences of MA-TRICE and other relevant 
project, e.g., the NTT DoCoMo initiative, and to advance one step further towards 
implementation by designing a system on chip for a 4G terminal [28]. The 4MORE air 
interface was based on MC-CDMA in downlink and SS-MC-MA in uplink [29]. In 
contrast to the NTT DoCoMo initiative, a TDD system was considered. QPSK, 8-PSK, 
16-QAM, or 64-QAM was used for symbol mapping while the maximum data rate in 
both downlink and uplink is around 100 Mbps. 
WINNER project: The key objective of the Wireless World Initiative New Radio 
(WINNER) project, which was also an IST project, was to develop a new concept in 
radio access [30]. A starting premise was that the further development of 
non-compatible wireless systems for different purposes is not an appropriate solution 
for future wireless communications. Like in many other areas more global solutions 
and a much larger degree of convergence are expected in the future. Thus, the system 






As many individual components of the radio interfaces, such as multiple antenna 
techniques, multiple-access, coding, or automatic repeat request are nowadays mostly 
well-understood, in WINNER, a special emphasis was put on their interaction and 
successful combination. Several key technologies like transmission scheme, duplex 
scheme, adaptive transmission, multi antenna concepts, and enhanced radio protocols, 
as well as several scenarios like wide area, hot spot, and short range were defined. One 
of the main goals of WINNER was to find out which combination of key technologies 
is suitable for each of the scenarios. 
Besides exploring technologies for the conventional band-limited system, recently 
many efforts have been investigated to evaluate schemes for ultra-wide spectrum. 
Ultra-wideband (UWB) is an emerging technology that offers great promise to satisfy 
the growing demand for low cost and high-speed digital wireless home networks [31]. 
The enormous bandwidth available, the potential for high data rates up to Gbps, as 
well as the potential for small size and low processing power along with low 
implementation cost, all present a unique opportunity for UWB to become a widely 
adopted radio solution for future wireless access technology [32]. Nevertheless, in 
order for UWB devices to coexist with other existing wireless technology, the 
transmitted power level of UWB is strictly limited by the Federal Communication 
Commission (FCC) spectral mask. Such limitation poses significant design challenges 
to any UWB system. 
1.2 Organization of Thesis and Contributions 






potential candidates for 4G downlink air interface. We started our research works on 
the enhancements of such multi-carrier scheme including a chip level interleaving 
(CLI) scheme [33]-[36]. Motivated by the CLI scheme for MC-CDMA, a new concept 
of using block spread (BS) to deal with multi-user interference for high speed 
transmission has been proposed. This achieves near single user performance without 
using MUD techniques because the code orthogonality of BS is easily maintained 
when the channel variation across the consecutive blocks is negligible. Subsequently, 
we propose a few new air interfaces for future broadband wireless packet access. The 
rest of the thesis is organized as follows: Chapter 2 proposes a block spread CDMA 
(BS-CDMA) scheme to combat MAI, giving rise to a significantly improved 
multi-user performance over the conventional DS-CDMA scheme in a broadband 
wireless channel. Chapter 3 extends the concept to a two-layer spreading CDMA 
(TLS-CDMA) scheme to tackle other cell interference (OCI) and achieve a lower data 
rate for higher-quality transmission in a multi-cell system. In addition, the BS concept 
proposed can be viewed as providing an additional domain for multi-user allocation. 
In Chapter 4, a block spread interleaved frequency division multiple access 
(BS-IFDMA) scheme has been formulated to use this additional domain to allocate 
users on top of the IFDMA domain. Furthermore, Chapter 5 proposes a 
two-dimensional code spreading interleaved frequency division multiple access 
(TCS-IFDMA) scheme to combat MAI and OCI more efficiently, enhancing 
DoCoMo’s variable spreading and chip repetition factor CDMA (VSCRF-CDMA) 
scheme. In Chapter 6, our research work has also been extended to the investigation 






with over-sampling multi-channel equalization has been proposed to explore the 
unique property of ultra-wide spectrum to achieve ultra-high data rate like Gbps 
within short distance (<10 m) at low complexity and power consumption. Finally, 
Chapter 7 concludes the thesis and highlights the future research works. 
The main contribution of this thesis is that a new concept of using BS is proposed to 
deal with multi-user interference for high speed transmission. This opens up an area 
for investigation of new air interface for future broadband wireless packet access. A 
few new schemes, such as BS-CDMA, TLS-CDMA, BS-IFDMA and TCS-IFDMA 
have been proposed and their superior performance have been shown over the existing 
DS-CDMA, CP-CDMA, IFDMA and VSCRF-CDMA schemes through analytical and 
simulation results. As such, they can be considered as promising candidates for future 
broadband wireless packet access in different environments. Furthermore, a new air 
interface over ultra-wideband spectrum has also been investigated to deliver 
ultra-high data rate within short range for future integration with broadband wireless 
packet access. 
With the framework conducted in this thesis, four journal papers, ten conference 
papers have been published and five patents have been filed. In addition, two journal 
papers have been submitted for 1st revision and another two journal papers are under 
preparation including one journal paper for the joint work with DoCoMo. Future 






2 BLOCK SPREAD CDMA 
2.1 Introduction 
DS-CDMA, is one of the effective wireless access technologies for supporting variable 
and high data rate transmission, thus it has been adopted in the 3rd generation wireless 
communications systems [1] [2]. However, the conventional DS-CDMA systems are 
affected by multipath interference (MPI) and multiple access interference (MAI), 
which limit the system capacity and the maximum data rate that can be supported for 
available bandwidth. There are two kinds of receivers for a DS-CDMA system: RAKE 
receiver and time-domain equalization (TDE) receiver. The performance of the 
receivers depends on the property of the wireless channel, as well as the traffic load. 
Specifically, a RAKE receiver is effective in suppressing both MPI and MAI when the 
spreading factor is large enough; however, this interference suppression capability 
will decrease with the increase of the traffic load. A TDE receiver is in theory capable 
of suppressing both MPI and MAI, thus restoring the orthogonality of the codes [37]. 
However, considering the complexity constraint and slow convergence of any 
practical adaptive equalization algorithms, the achievable performance usually is far 
below the theoretically predicted one.  
Single carrier cyclic prefix assisted CDMA (CP-CDMA), an advanced version of 
DS-CDMA, has been proposed for broadband cellular system [38] [39]. As a 
block-by-block transmission scheme, CP-CDMA inserts a CP portion prior to the 
transmission of each data block. Though the insertion of CP slightly degrades the 






the channel length. More significantly, it transforms the linear convolution into 
circular convolution, so that FFT-based linear equalizers can be designed to recover 
the transmitted symbols for each user. However, it still suffers from MAI, especially 
when all users are asynchronous in an uplink transmission. A serial type of multistage 
interference cancellation in frequency domain to cancel MAI has been investigated for 
CP-CDMA with considerable computational complexity [40]. 
An alternative to CP-CDMA is multi-carrier CDMA (MC-CDMA), which combines 
DS-CDMA with OFDM. Different from a single carrier CP-CDMA system, that 
transmits the data block directly, a MC-CDMA system transmits the IFFT version of 
the data block. Due to the addition of CP, FFT-based low-complexity linear receivers 
can also be applied for MC-CDMA systems. Furthermore, through transmitting the 
chips signals belonging to the same symbol via multiple possibly disjointed 
subcarriers, MC-CDMA achieves the frequency diversity inherent with broadband 
wireless channels [21]. Orthogonal frequency division multiple access (OFDMA), also 
referred to as multiuser-OFDM, is an alternate scheme to provide user orthogonality 
in frequency domain [20] [41]. This is different from MC-CDMA where the user 
orthogonality is achieved in code domain. However, all multi-carrier schemes suffer 
from high peak-to-average power ratio (PAPR) and high sensitivity to frequency offset 
and RF phase noise. These two issues limit the applicability of multi-carrier schemes in 
an uplink transmission. 
For frequency selective channels, CP-CDMA suffers from both MAI and MPI, and 
MC-CDMA systems suffer from MAI, and the interferences become very strong when 






fading channel, several methods have been proposed to improve DS-CDMA. Chip 
interleaving for DS-CDMA system is one of the examples where spreading and 
interleaving are combined for joint estimation of propagation channel gains associated 
with multiple users [42] [43]. Recently, Zhou et al. [44] [45] further elaborated this 
concept and discovered that chip interleaving is capable of combating MAI over the 
frequency selective fading channel for a downlink transmission.  
2.2 Block Spread 
Motivated by the CLI scheme as described in [33], a new concept of using block 
spread (BS) is proposed in this chapter to deal with multi-user interference for high 
speed transmission. BS is a form of spreading, in which G chips are placed over the 
consecutive blocks. The code orthogonality of BS is easily maintained due to the 
negligible channel variations across the consecutive blocks. This is because the 
consecutive block duration within a packet for high speed transmission is smaller than 
the coherence time of the wireless channel.  
Figure 2-1 shows the packet structure for high speed system, where the optimum 
packet length is around 0.5 ms according to the analysis of NTT DoCoMo in [27] [46] 
because it is mainly determined by the two main factors. From the viewpoint of 
realizing short round trip delay (RTD) in hybrid Automatic Repeat reQuest (ARQ), 
which are supposed to be used to achieve high-quality packet transmission, it is 










CP s11 … s1M ..… CP sN1 … sNM 
 
 
Figure 2-1 Packet structure for high speed system 
Meanwhile, in order to derive effectually coding gain, e.g. turbo coding gain, it is 
reported that more than 1000 bits are needed due to the turbo interleaver size. Thus, a 
short packet length such as 0.5 ms is near optimum. As such, the data block duration 
for high speed transmission is typically a few microseconds (µs). 
Figure 2-2 shows the transfer function of a broadband wireless channel in the 
frequency and time domains. The coherence time of a typical mobile fading channel 
with Doppler spread of 200 Hz is around 0.9 ms (coherence time= )16(9 dfπ , where 
df  is the Doppler spread) [47]. As such, the code orthogonality of BS across the 
consecutive blocks is easily maintained because the coherence time is much larger 
than the data block duration (typically a few microseconds) for high speed 
transmission. Comparatively, it is different from the concept of the spreading in the 
conventional DS-CDMA system where G chips are placed in adjacent chips. The 
multipath fading channel easily destroys the code orthogonality.  
Furthermore, it is also different from the concept of the frequency domain spreading in 
the conventional MC-CDMA system where G chips of the same symbol are placed in 
adjacent subcarriers. The varying channel responses among subcarriers due to the 
frequency selective fading channel destroy the code orthogonality of the frequency 
domain spreading across the adjacent subcarriers. This analysis concludes the 
Frame (0.5ms) 






superiority of the BS over the spreading in the conventional DS-CDMA system and the 
frequency domain spreading in the conventional MC-CDMA system to in MAI 
removal.  
 
Figure 2-2 Transfer function of broadband wireless channel 
2.3 Block Spread CDMA (BS-CDMA) 
In an uplink transmission, since the signals from different users go through different 
propagation channels, the performance degrades significantly due to the strong MAI 
in DS-CDMA, CP-CDMA and MC-CDMA. Multi-user detection (MUD) has to be 
used to suppress MAI and thereby improve the uplink performance. In this chapter, by 
using the concept of BS, a block-spreading CDMA (BS-CDMA) scheme is proposed 
to improve uplink performance over broadband wireless channel. Instead of 
introducing a chip interleaving for DS-CDMA as described in [42]-[45], we propose a 
block-by block transmission using BS for CDMA system to combat MAI effectively 
over a time invariant channel. In addition, we propose a symbol-wise frequency 






also propose a cell-specific scrambling code to suppress other-cell interference (OCI) 
effectively for uplink transmission in a multi-cell system. By adding cyclic extension 
(CE) instead of CP, it is capable of handling multi-user asynchronous uplink 
transmission.  
2.3.1 The Transmitter Structure  
We show the transmitter structure and receiver structure of block diagram of the 
proposed BS-CDMA system in Figure 2-3 (a) and (b) respectively. The block spreading 
and cell-specific scrambling blocks are the new blocks which are different from the 
conventional DS-CDMA at transmitter. In addition, the symbol-wise frequency domain 
process with despreading before equalization is also different from the conventional 
DS-CDMA at receiver, leading to power saving. Figure 2-4 shows the input and output 
data structure of block spreading and scrambling module. Let the column vector 
T
Miiii sss ]...,[ ,,2,,1,=s denote a block of M modulated data symbols for user i, where 
Ui ≤≤1 . The block spreading is performed by repeating the data block for user 1 by G 
times, with each block denoted by ][1 bs , where Gb ≤≤1 . Let the column vector 
T
Giiii ccc ]...,[ ,,2,,1,=c denote the spreading code vector for user i, where Ui ≤≤1 and G 
is the spreading factor. The cross-correlation of the spreading code among different 
users is 0=jTi cc  for  ji ≠ ; Let the column vector TGLLL ]...,[ ,2,1=L denote the 
cell-specific scrambling code in an uplink transmission, with the same period of G as 
the spreading code. Figure 2-5 shows the data structure after parallel-to-serial (P/S) 
conversion. Subsequently Figure 2-6 shows the data structure after insertion of CE, 






prefix, referred to as CE1a) and a fixed number of header chips are appended at the end 
of each block (cyclic postfix, referred to as CE1b). By adding CE instead of CP, the 
scheme is capable of achieving multi-user asynchronous uplink transmission. Figure 
2-7 shows the illustration of CE handling multi-user asynchronous uplink 
transmission (three users), keeping a perfect orthogonality among received signals 
irrespective of the late / early arrival of the received signal among different users [48]. 
After block spreading and scrambling, the mth data symbol of the bth block for the uth 
user can be described as: 
bbumumu Lcsbd ⋅⋅= ,,, ][              (2.1) 
where mus ,  is the m
th symbol of the block for the uth user and Mm ≤≤1 , buc ,  is the 
block spreading code of the bth block for the uth user, where Gb ≤≤1  and bL  is the 
 
(a) Transmitter structure 
 
(b) Receiver structure 
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Figure 2-4 Input and output data structure of block spreading and scrambling module 
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Figure 2-6 The data structure after insertion of CE (CE1a is cyclic prefix and CE1b is cyclic 
postfix of block 1) 
 
Figure 2-7 The illustration of CE handling multi-user asynchronous uplink transmission (three 
users) 
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cell-specific scrambling code of the bth block. The proposed BS-CDMA system adds a 
cyclic prefix of 1Q chips at the beginning and a cyclic postfix of 2Q chips at the tail for 













  (2.2) 






























where ( )tΩ  is the rectangular function. If 1Q  and 2Q  are set to be 0, ][, bx mu  is 
equal to ][, bd mu  for Mm ≤≤1 and G1 ≤≤ b .  
In an uplink transmission, the signal from each user passes through a different 










            (2.3) 
where P is the number of paths, αu(p) is the instantaneous complex path gain of the 
pth-path for the uth user, τu,p is the time delay of the pth-path for the uth user and )(tδ is 
the Dirac delta function.  
2.3.2 The Receiver Structure  
For an uplink, the base station receives the data streams from all users asynchronously, 






the matched filter, the removal of CE, the block descrambling and despreading block 
before transforming into the frequency domain through the FFT block. The FFT and 
FDE are all in symbol-wise operation after block despreading, which leads to a simpler 
receiver structure than the chip-wise operation of CP-CDMA system as described  in 
[38], with considerable power saving.  
Assuming that there are U active users, the received signal )(tr at the base station can 








            (2.4) 
where )(tn denotes Additive White Gaussian Noise (AWGN) and ∗  denotes 
convolution operation, )(thu  is the combined impulse response of the transmit chip 
pulse shaping filter )(tpt  (assumed to be square-root raised cosine) and the frequency 
selective fading channel response )(thu
(
 and the receive match filter )(tpr : 
)()()()( tpthtpth rutu ∗∗=
(
            (2.5) 
The BS-CDMA receiver performs chip-rate sampling after the matched filtering. The 
respective cyclic prefix of Q1 chips and the postfix of Q2 chips are discarded in each 
block. Let ][brm  denote the remaining M chip samples corresponding to the m
th 
symbol of the bth block: 











,)(,        (2.6) 






[ ]bmη  represents the AWGN component at sample m of the bth received block and 
][, bh pu denotes the p
th path of the channel of the uth user for the bth received block. For 
our derivation, perfect synchronization among users has been assumed. However, in 
the illustration in the next section, we have considered both chip-synchronized and 
non chip-synchronized cases for the proposed BS-CDMA.  
2.3.3 The Block Descrambling and Despreading 
Figure 2-8 illustrates the detailed procedure of block descrambling and despreading, 
assuming the presence of a desired User 1 (U1) and an interfering User 2 (U2). Assume 
that user 1 has two multipaths denoted in the figure as U1P1, U1P2 with respective 
channel responses h11, h12. User 2 has only one multipath (U2P1) with channel response 
h21. The block length M and the spreading factor G are all set to be 4 for simple 
illustration. Figure 2-8 (a) shows a chip-synchronized case where the arrival time 
difference among users is less than the length of the cyclic prefix and cyclic postfix. 
User 1 and user 2 arrive at base station at a different time of multiple chips and they 
are synchronized in chip level. In the illustrated example, one chip difference is 
assumed. By using the CE, we cover the early / late signal arrival among multiple users 
without introducing any inter-block interference within an individual block windowing. 
The descrambling and despreading are implemented block by block by multiplying the 
product of the respective spreading code and cell-specific scrambling code in each 
block windowing. Chip sequences are then re-ordered in such a way that the different 
chips of the same symbol are grouped together for the descrambling and despreading. 






into s12c11L1, s12c12L2, s12c13L3, s12c14L4. We note that Sym #1 may not be the first 
symbol of each user, such as s11 or s21 because of multipaths. In this example, Sym #1 
for the first multipath of user 1 (U1P1) is the second symbol s12 and Sym #1 for the first 
multipath of user 2 (U2P1) is the first symbol s21. Similarly, Sym #1 for the second 
multipath of user1 (U1P2) is the first symbol s11. It is observed that the arrival time 
difference among users does not destroy the code orthogonality of the block spreading 
because the symbol, e.g. s21,  is a common part for the MAI from users during the 
despreading. Hence, the MAI term from user 2 is completely removed when 2bL  is a 
constant. However, it is noted that the MPI term due to the multipath is still remained. 
That is to say the proposed BS-CDMA system is only robust against MAI, but requires 
an equalizer, e.g. frequency domain equalizer, to equalize the MPI effect. Similar to 
Figure 2-8 (a), it is shown in Figure 2-8 (b) that the arrival time difference is the same 
as the length of the cyclic prefix and cyclic postfix for a chip-synchronized case. It is 
seen from the black box of block 1 windowing that the MAI from user 2 can also be 
completely removed. However, it is shown in Figure 2-8 (c) that the MAI from user 2 
cannot be completely removed due to the inter-chip interference when the arrival time 
difference is beyond the length of cyclic prefix and cyclic postfix for a 
chip-synchronized case. In such a case, an adaptive transmission timing control using 
reservation packet is able to ensure the arrival timing difference is within the cyclic 
prefix and cyclic postfix [52]. In summary, for a chip-synchronized case, as long as 
the arriving time difference is within the length of the cyclic prefix and cyclic postfix, 
the code orthogonality of the block spreading for CDMA is maintained.  






arriving time difference is within the length of the cyclic prefix and cyclic postfix. 
User 1 and user 2 arrive at basestation at a different time which is not an integer 
number of chips. Specifically, the chip sequences from user 2 are not synchronized 
with the chip sequences from user 1 in chip level. After the re-ordering of chip 
sequences in such a way that the different chips of the same symbol are grouped, it is 
seen that the chips from two partial symbols from user 2 are in the same chip duration 
as one symbol from user 1. For example, in the first chip duration of Sym #1, due to 
the non chip-synchronization, the chip s11c11L1 (first multipath) from user 1 is added 
together with a mixed chip (s24c21L1 and s21c21L1) consisting of two partial symbols s24 
and s21 from user 2. After the descrambling and despreading, the MAI from user 2 is 
completely removed because there is a common part of the two partial symbols s24 
and s21 for the MAI term from user 2 during the despreading. That is to say the arrival 
time difference among users which is not chip-synchronized does not destroy the code 







(a) Chip-synchronized case (the arrival time difference is less than the length of cyclic prefix and 
cyclic postfix) 
 
(b) Chip-synchronized case (the arrival time difference is same as the length of cyclic prefix and 
cyclic postfix) 
 
(c) Chip-synchronized case (the arrival time difference is beyond the length of cyclic prefix and 
cyclic postfix) 
 
(d) Non chip-synchronized case (the arrival time difference is within the length of cyclic prefix 
and cyclic postfix) 






Specifically, after the block descrambling and despreading, the mth data symbol mis ,ˆ  




























,)(, ][η   (2.7) 
Assuming that the channel variation across the consecutive blocks is negligible, we can 



































,][ηη  represents the AWGN component which has the 
same variance of 2nσ  as mη  in (2.6). 








,)(,,ˆ            (2.9) 
It is seen from (2.9) that MAI is completely removed over an time invariant channel 
without any complex multi-user detection technique.  
After the block descrambling and despreading, it is noted that the proposed BS-CDMA 






can be used to equalize the mulitpath effects with low complexity [49] [50]. Due to 
the despreading before equalization, frequency domain process becomes symbol-wise 
operations. This is different from CP-CDMA and MC-CDMA. As a result, the power 
consumption of the frequency domain process can be reduced by a factor of G. 
The weight W1 of a single tap equalizer is estimated with the help of the pilot symbols. 
Both Zero Forcing (ZF) and Minimum Mean Squared Error (MMSE) are considered.  
In the frequency domain, (2.9) can be rewritten as follows: 
][][][][ˆ kNkSkHkS iii +⋅=             (2.10) 
where ][ˆ kSi , ][kSi , ][kHi and ][kN  are the corresponding frequency domain 





















π .  
The linear frequency domain equalization can be employed on each frequency bin as 
follows: 
][ˆ][][ kSkWkZ iii ⋅=               (2.11) 
where the set of weights },2,1];[{ MkkWi L= for the ith user can be chosen based on 
ZF and MMSE [51][52].  
















which leads to an inter-symbol interference (ISI) free situation at the equalizer output if 
][][ˆ kHkH ii = . 
Under the MMSE criterion, the weight ][kWi  gives better compromise between ISI 











kW σσ+⋅=            (2.13) 
where 2nσ  is the variance of m'η  and 2sσ  is the variance of mis , . 
After the equalization, the data },...,2,1];[{ NkkZi =  is transformed into time domain 









/)1)(1(21 ][][ π            (2.14) 

































⋅⋅+ ∑ π            (2.15) 
In (2.15), the first term represents the desired signal component, the second term is 
ISI owing to MPI ( ISIμ ) and the third term is the noise component ( noiseμ ). The time 
domain signal can be detected using standard methods. The pilot symbols are 






required frequency of the pilot symbol insertion depends on the velocity of temporal 
variation of the channel. Any common channel estimation method can be applied for 
the proposed BS-CDMA system. Perfect synchronization is assumed at the receiver. 
2.3.4 Performance Analysis 
In this section, we shall derive the average bit error rate (BER) based on Gaussian 
approximation of ISI and the analytical BER lower bound and then, BER performance 
is numerically evaluated. 
Theoretical Average BER 
From (2.15), it is known that the ISI can be approximated as a zero-mean 
complex-valued Gaussian noise. The sum of the second and third terms of (2.15) can 
be treated as a new zero-mean complex-valued Gaussian noise. The variance of each 







































σμσ          (2.17) 
We assume quaternary phase shift keying (QPSK) modulation. The conditional BER 
for the given set of ][{ kHi and },...,2,1];[ NkkWi = can be expressed as [47] [54]: 






where ∫∞ −= x dttxerfc )exp()/2(][ 2π  is the complementary error function and 
( )][, kHSNR iγ  is the conditional signal to interference and noise ratio (SINR) 
defined as: 

















































where 22 / nsSNR σσ= . The theoretical average BER )(SNRPb  can be numerically 
evaluated by averaging (2.19) over },...,2,1];[{ NkkHi =  
( ) ( )∏∫ ∫ ⎥⎦⎤⎢⎣⎡= k iiib kdHkHpkHSNRerfcSNRP ][][{][,)( 4
1
2
1 γL     (2.20) 
where ( )][{ kHp i  is the joint probability density function (PDF) of },...,2,1];[{ NkkHi = . 
BER Lower Bound 
It can be observed from (2.16) (2.17) and (2.19) that { }( )][, kHSNR iγ  achieves a 





























When ][][ * kHkW ii =  or with maximum ratio combining (MRC) equalization, (2.21) 
can be further simplified to become 








max ][2][,γ         (2.22)  
An equivalent expression can be obtained: 










max 2][,γ          (2.23) 








,β by )(βp , the average BER is lower bounded by 








,          (2.24) 
Consider a frequency selective Rayleigh fading channel with uniform power delay 
profile. Then, { }pih ,  are zero-mean and i.i.d. complex-valued Gaussian variables 
with variance P/1 . The pdf of γ  is therefore 
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2.3.5 Complexity Analysis 
The complexity of the proposed BS-CDMA system is compared against the 
conventional CP-CDMA system and DS-CDMA system with TDE as follows:  
BS-CDMA system: The block size M corresponds to the size of the FFT operation used. 
M symbols will be transmitted block by block over a total of G intervals and G is the 
spreading factor. The FDE receiver in the BS-CDMA system requires two FFT 
operations. The involved complexity is O (2Mlog2M), where O (.) denotes the order of 
the complexity. 
Conventional CP-CDMA system: In the conventional CP-CDMA system, the number 
of symbols transmitted during a single block period is given by GN / , where N is the 
number of subcarriers used or the size of the FFT operation used. For analysis (keep the 
same FFT size as the BS-CDMA system), let us assume that N=M. The complexity for 
M/G symbols is MM 2log2 . Thus, in order to process M symbols (as in BS-CDMA 
system), the complexity is O (2MGlog2M).  
Conventional DS-CDMA with TDE: In a conventional DS-CDMA system, M 
symbols (as in the BS-CDMA system) are transmitted and hence the total number of 
chips after the spreading is MG, where G is the spreading factor. In TDE, a general MG 
± MG matrix incurs complexity of O ((MG)3). It can be further reduced to O ((MG)2) if 
Toeplitz matrices is used for their computation and inversion [44]. 
Note that the significant complexity reduction of the BS-CDMA system compared to 
the direct matrix inversion required for the conventional DS-CDMA system with TDE. 






system by a factor of G. In short, the proposed system leads to a simple receiver 
structure with significant power saving. 
2.4 BS-CDMA with Interference Cancellation 
In the previous section, we assume the time invariant channel, i.e., the channel 
variation across the consecutive blocks is negligible, for BS-CDMA to achieve the 
code orthogonality of the block spread. However, in practical mobile wireless channel, 
the channel becomes time variant, i.e., the channel variation across the consecutive 
blocks is not negligible, when users move fast. BS-CDMA may suffer from the 
residual MAI that arises from the rapidly varying channels. On the other hand, in our 
previous study, we assume all users have the same mobility in the system and they 
have the same contribution to the residual MAI when users’ mobility is high. However, 
the fact is that users may have different mobility in a system and they have very 
different interference to other users. It is interesting to note that users with high 
mobility may cause more interference to other users than users with low mobility. 
This observation motivates us to detect the signal from the user with high mobility 
first and subtract it from the received signal so that the remaining users may not suffer 
the interference from this “harmful” user during their detection. On the other hand, it 
suffers the lowest level of interference from users with lower mobility.  
With this concept, we propose two interference cancellation methods that based on 
users’ mobility for BS-CDMA in the uplink transmission to deal with the residual 







Successive MAI Cancellation (SMC) 
Figure 2-9 (a) and (b) show the block diagram of the iterative successive MAI 
cancellation (SMC) method for BS-CDMA with total users U = K. We assumed that 
the mobility of User 1 > User 2 > …. > User K. In the SMC method, the users are 
detected successively in the descending order of users’ mobility. As each user's data are 
detected, the detected data are used to cancel out their interference on other users’ 
signal. We detect the signal of the user with the highest mobility first as it has the 
lowest level of interference among all the users. On the other hand, it causes the 
strongest interference on the rest of the users. Hence, by detecting and subsequently 
canceling out the interference from the user with the highest mobility, we ensure the 
system that has the most dominant interference is removed. When the interference from 
the user with the highest mobility is removed, the signal of the user with the second 
high mobility would experience the least interference and become the dominant 
interferer. Therefore we repeat the procedure to detect and then cancel out the signals 
from the second fastest user. The process is repeated until the detection of all users 
signal is completed. The iterative SMC scheme is to iteratively detect the signal of all 
users according to the descending order of users’ mobility as shown in Figure 2-9 (a). 
Multistage SMC (MSMC) 
In Figure 2-10, we illustrate the process of the Multistage SMC (MSMC) method for 
the BS-CDMA system with U = K. In the MSMC method, the users are first divided 
into different groups based on users’ mobility (in this illustration, three groups are 






the descending order of the group average mobility. For example, group 1 is from 100 
km/h to 199 km/h, group 2 is from 50 km/h to 99 km/h and group 3 is below 50 km/h. 
This classification does not require the accurate estimation of users’ mobility. 
Different from the iterative SMC method, the MSMC method divides users into 
groups based on users’ mobility and gives groups with higher mobility more iteration 
and groups with lower mobility less iteration in order to maintain the same 
complexity as iterative SMC. This can help users group with higher mobility have 
more reliable detection with more number of iteration. Consequently, the accurate 
detection may, in turn, helps to cancel out the interference from the received signals 
since they have more “harmful” interferences. The illustration in Figure 2-10 shows 
that group 1 is given three iterations and group 3 is given one iteration. Its complexity 
is similar to the SMC method shown in Figure 2-9 (a) with two iterations. 
 






Mobility Low High 
 User 1  User K 
 
(b) Details of SMC for one iteration 
Figure 2-9 The Iterative SMC method for the BS-IFDMA scheme with U=K 
 






2.5 Simulation Results and Discussions  
We have carried out extensive simulations for our proposed BS-CDMA system with 
different system parameters that are summarized in Table 2-1.  
Table 2-1 Simulation parameters for the BS-CDMA system 
Carrier Frequency 5 GHz 
Bandwidth 40 MHz 
Block size (M) 256 samples (6.4 µs) 128 samples (3.2 µs) 
Cyclic prefix length 32 samples (0.8 µs) 16 samples (0.4 µs) 
Cyclic postfix length 32 samples (0.8 µs) 16 samples (0.4 µs) 
Spreading factor (G) ≤ 64  
Packet length 20480 samples (512µs) 10240 samples (256 µs) 
Modulation QPSK/16QAM/64QAM 
Equalization  scheme ZF/MMSE 
Channel model R. M. S delay spread=0.36 µs 
User mobility (km/h) 3, 30, 60, 120 
 
We adopt the broadband wireless channel in our study based on the channels 
described in [27] [46] [55]. It assumes maximum delay time of multipaths up to 1.3 µs 
whose corresponding r.m.s delay spread is approximately 0.36 µs. The assumption of 
such a channel model is based on the following reasons. In broadband packet wireless 
access, a smaller cell size than the current system or IMT-2000 is inevitable 
considering the attainable transmission power, since the information bit rate may 
become much higher, e.g. above 100 Mbps in the downlink transmission and above 40 
Mbps in the uplink transmission. Furthermore, the demand for an increase in system 
capacity for the broadband packet transmission is serious in urban areas with a large 






in an urban area. In such environment, the observed maximum multipath delay is 
approximately 1 µs, in the field experiments conducted near downtown Tokyo with 
the distance between a base station and a mobile station of approximately 1 km, 
which corresponds to the assumed maximum multipath delay time described above 
[27] [46]. In particular, Table 2-2 shows the relationship between coherence time and 
user mobility and Figure 2-11 shows an example of channel response across time 
(within two packet length) with different user mobility. This gives a rough guideline of 
the relationship between the coherence time of the wireless channel and the packet 
length. In a multi-cell system, OCI is modeled as Gaussian noise. Perfect 
synchronization and channel estimation are assumed for an uncoded system in the 
simulation. 
Table 2-2 Relation among user mobility, Doppler spread and coherent time (fc = 5 GHz) 
User mobility (km/h) 3  30 60 120 
Doppler spread (Hz) 13.8 138 278 552 
Coherent time (ms) 12.9 1.29 0.645 0.32 































Figure 2-12 shows the simulated and theoretical results for the proposed BS-CDMA 
system using QPSK. We can see that the BER performance does not degrade with the 
increase in the number of active users irrespective of MMSE and ZF. The BER 
performance of the fully-loaded system (maximum number of users) is nearly the same 
as that of single user, indicating that the proposed BS-CDMA system with multiple 
users can achieve near single user performance without using complex MUD 
technique. This is because the maintenance of code orthogonality due to negligible 
channel variations across consecutive blocks. In addition, the theoretical plots for ZF 
and MMSE are done by Monte-Carlo numerical computation method as follows. The 
set of path gains { puh , ; }1,0 −= Pp L is generated for obtaining 
}1,0];[{ −= NkkH LL . The conditional BER for the given average received SNR is 
computed using Eq. (2.20). This is repeated sufficient number of times to obtain the 
theoretical average BER of Equation (2.20). It is observed that the results from 
simulation studies validate the theoretical results for both MMSE and ZF. For 
comparison purpose, we also include the lower bounded BER performance which 
corresponds to the achievable frequency diversity for single user case. It is seen that 
the single-user BER performance approaches the lower bound when MMSE is used. 
The figure shows the superior performance of MMSE over ZF, indicating that MMSE 
gives better compromise between noise enhancement and ISI suppression. 
In Figure 2-13, we show the performance of the proposed BS-CDMA system with both 
16QAM and 64QAM. Similarly, different loading conditions (single user and 
multi-users) are considered and we observed that MMSE performs better than ZF. We 






slightly worse than the single user system. Specifically, the BER performance loss is 
0.5 dB for 16QAM and 0.8 dB for 64QAM at BER of 10-5. This can be justified by 
considering the complexities of multi-level modulation. 
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Figure 2-12 Simulated and theoretical performance of the BS-CDMA system 






























The previous simulation studies assume that the channel variation across the 
consecutive blocks is negligible. However, the above assumption may not hold strictly 
for a time variant channel in mobile environment where the Doppler spread exists and 
the coherent time may not be larger than the block spreading periods. In Figure 2-14, 
we show the effect of Doppler spread on the BER performance of our proposed 
BS-CDMA system in a multi-cell environment. Different user mobility such as 0 km/h, 
3 km/h, 30 km/h, 60 km/h and 120 km/h has been considered for data modulation of 
QPSK. The spreading factor G is set to be 64. In a multi-cell system, OCI is modeled as 
Gaussian noise, and the signal-to-interference ratio (SIR) is set to be 6 dB and Eb/No 
is set to be 20 dB. Two different block size of 256 and 128 have been simulated to 
evaluate the effect of Doppler spread against the block size. For the block size of 256, 
it is observed that the BER performance remains almost same for v=0 km/h and 3 km/h 
when the number of active users increases, while the BER performance degrades 
slightly for v=30 km/h, 60 km/h and 120 km/h when the number of active users 
increases. More specifically, 32 users, 16 users and 8 users can be supported for v=30 
km/h, 60 km/h and 120 km/h respectively. This is because higher Doppler spread for 
time-variant channel may destroy the code orthogonality of the block spreading, 
leading to residual MAI. One possible solution is to reduce the block spreading factor 
for BS-CDMA over the mobile wireless channel. In comparison, for the block size of 
128, the same tendency can be observed. However, the performance degradation is 
much smaller due to the higher Doppler spread. It is observed that the BER 
performance degrades slightly for v=60 km/h and 120 km/h when the number of active 






km/h and 120 km/h respectively. This concludes that BS-CDMA is more robust over 
low and medium mobile wireless channel and can only support high mobile wireless 
channel when the spreading factor is reduced. 






































Block size: 256 samples
Block size: 128 samples
 
Figure 2-14 The effect of Doppler spread on the BS-CDMA system 
Figure 2-15 shows the synchronization effect on the BS-CDMA system for QPSK and 
16QAM in a multi-cell environment. We assume the maximum asynchronism ( aτ ) 
arising between the nearest and the farthest users within a cell is an integer number of 
chip duration for easy investigation. The conclusion applies to the general case. It is 
observed that when aτ  is less than the cyclic postfix, the BER performance for 
asynchronous users is the same as the one for synchronous users. It is seen that the 
BER performance degrades with the increment of aτ  gradually when aτ  is larger 






10-3 for QPSK when postfixa t2
3=τ . This shows that the use of CE alleviates the 
synchronization requirement for the BS-CDMA system in the uplink transmission. 






















Figure 2-15 Synchronization effect on the BS-CDMA system (QPSK, 16QAM) 
In Figure 2-16, we compare our proposed BS-CDMA system with CP-CDMA and the 
conventional DS-CDMA system with TDE in a multi-cell environment. The MMSE 
FDE is used for both BS-CDMA and CP-CDMA. The TDE with 24 fingers is used for 
DS-CDMA. Data modulation of QPSK and 16QAM is considered in the simulation. 
In a multi-cell system, OCI is modeled as Gaussian noise. SIR and Eb/No are set to be 
6 dB and 20 dB respectively for QPSK and 12 dB and 25 dB respectively for 16QAM. 
It is observed that the BER performance of our proposed BS-CDMA system remains 
the same when the number of active users increases from one to 64 (full loaded). 






significantly when the number of active users increases due to the presence of MAI 
over a broadband wireless channel in an uplink transmission. It is observed that 
BS-CDMA outperforms CP-CDMA when the number of active users is larger than 4 
for QPSK. This is because CP-CDMA has less MAI when the number of active users 
is small. It is also observed that BS-CDMA outperforms CP-CDMA for 16QAM and 
DS-CDMA even when the number of users is small.  





























Figure 2-16 Performance comparisons among BS-CDMA, CP-CDMA and DS-CDMA systems for 
both QPSK and 16QAM in a multi-cell system 
We applied the proposed interference cancellation methods and simulated the BER 
performance for different percentage of users’ mobility in the system. Figure 2-17 
shows the BER performance of BS-CDMA using SMC and MSMC when 50% of 






iterations are simulated for SMC. BS-CDMA is used as baseline. It is seen that 
BS-CDMA with SMC outperforms BS-CDMA and the BER performance is improved 
when the number of iteration increases. This is because more accurate signal can be 
detected in the later iteration. It is observed that the performance of MSMC is better 
than SMC without sacrificing complexity. In order to keep the same complexity, 
MSMC gives more iteration to users with higher mobility.  
















BS-CDMA w SMC - 1 Iteration
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Figure 2-17 BER performance of BS-CDMA using SMC and MSMC methods  
(50%-3 km/h, 50%-60 km/h) 
When the percentage of users with high mobility increases, BER of BS-CDMA 
degrades. BS-CDMA using SMC gives larger improvement over BS-CDMA. Figure 
2-18 shows BER performance when 50% users’ mobility is 3 km/h and 50% users’ 






BS-CDMA cannot work when 50% of users’ mobility is 120 km/h. As such, 
interference cancellation methods have to be incorporated into BS-CDMA to achieve 
satisfied BER performance. When SMC is applied, an error floor is also observed in the 
first iteration. The BER performance is improved substantially in the second iteration. 
This is because the detection for users with higher mobility in the first iteration is not 
reliable enough due to interferences. In the second iteration, the detection reliability is 
improved since interference from other users has been cancelled out and the BER 
performance is subsequently improved. Similarly, the performance of MSMC is better 
than SMC without sacrificing the complexity.  
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Figure 2-18 BER performance of BS-CDMA using SMC and MSMC methods  






2.6 Chapter Summary  
In this chapter, a new concept of using block spreading (BS) has been proposed to deal 
with multi-user interference for high speed transmission. The code orthogonality of 
BS is easily maintained when the channel variation across the consecutive blocks is 
negligible. Specifically, a block spreading CDMA (BS-CDMA) scheme has been 
proposed for uplink transmission to combat MAI effectively, giving rise to a 
significantly improved multi-user performance over a broadband wireless channel. 
Despreading is performed before equalization at the receiver, reducing the frequency 
domain processing to a symbol-wise with significant power saving. A cell-specific 
scrambling code to suppress OCI is proposed for uplink transmission in a multi-cell 
system. The simulated results validate the theoretical BER analysis and show that its 
multi-user performance approaches the single user performance without using complex 
MUD techniques when the channel is time-invariant. Compared to DS-CDMA and 
CP-CDMA, the proposed BS-CDMA scheme achieves the best multi-user 
performance for uplink transmission. In addition, two interference cancellation 
methods based on users’ mobility have been proposed to enhance its performance 
significantly when the channel variation across the consecutive blocks is not 
negligible. In conclusion, as a single carrier scheme with low PAPR at the handset 
transmitter, the proposed BS-CDMA scheme is a promising candidate for future 






3 TWO-LAYER SPREADING CDMA 
3.1 Introduction 
Recently, a time frequency localized CDMA (TFL-CDMA) scheme which spreads in 
both time and frequency domain, has been proposed to reduce the interference in 
code domain utilizing the channel correlation in both time and frequency domains 
[56]. More comprehensive works have been subsequently carried out, showing the 
advantage of time and frequency domain spreading in orthogonal frequency code 
division multiplexing (OFCDM) in downlink transmission [27] [57]. However, both 
TFL-CDMA and OFCDM are multi-carrier schemes in nature and therefore suffer 
from high PAPR problem and are sensitive to frequency offset and RF phase noise. 
As such, they might not be a good candidate for uplink transmission where a signal 
is transmitted from a mobile terminal to a base station. 
MAI and OCI are two very crucial issues in broadband wireless communication 
systems for spectrum utilization efficiency and capacity in a multi-cell system. The 
BS-CDMA scheme proposed in Chapter 2 is capable of removing MAI effectively; 
however, it cannot handle the interference from other cells using the same carrier 
frequency in some cases. This is because in a mobile wireless channel, the spreading 
factor of BS has to be small enough to keep code orthogonality. Therefore, 
BS-CDMA, inherently, has limited OCI suppression capability owing to small 
spreading factor in the mobile wireless channel. 






two-layer spreading CDMA (TLS-CDMA) scheme, to tackle OCI more effectively in a 
multi-cell system using a two-layer spreading with an additional two-layer 
cell-specific scrambling for uplink transmission. The spreading factors can be adapted 
in both-layer according to the cell structure (e.g. cellular system, or hot-spot system), 
the channel condition (e.g. Doppler spread) and the number of active users. 
Combining with the additional two-layer cell-specific scrambling code, it can achieve 
one cell frequency reuse due to its larger spreading factors in total. We also propose a 
two-layer code generation for the two-layer spreading such that the selection of the 
spreading code for this two-layer is independent. With spreading in two-layers, the 
proposed TLS-CDMA scheme is capable of combating MAI and OCI more 
effectively than the BS-CDMA scheme in a multi-cell system. In addition, 
TLS-CDMA is able to achieve a lower data rate with higher-quality transmission, by 
utilizing the frequency diversity effect in the 1st layer spreading.  
3.2 Two-Layer Spreading CDMA (TLS-CDMA) 
3.2.1 System Model 
Figure 3-1 shows the transceiver structure of the TLS-CDMA system. There is a 
two-layer spreading and scrambling module at the transmitter. For simplicity in 
illustration, the spreading and scrambling are combined for both the 1st and 2nd layers. 
We assume that there are U active users in the described system. Let column vector 
T
Muuuu sss ]...,[ ,,2,,1,=s  denote a block of M data symbols for user u, 






Let d denote the matrix of spreading code for the 1st layer for implementing a 
spreading of size of G1 × G1, where G1 is the spreading factor. The  column vector 
T
Guuuu ddd ]...,[ 11111 ,,2,,1,=d  denotes the spreading code in the thu1 column of 
matrix d, where 111 Gu ≤≤ . Similarly, let c denote the matrix of spreading code for 
the 2nd layer for implementing a spreading of size of G2 × G2, where G2 is the 
spreading factor. Similarly, the column vector TGuuuu ccc ]...,[ 22222 ,,2,,1,=c  
denotes the spreading code in the thu2 column of the matrix c, where 221 Gu ≤≤ .  
Let ),( 21 uuu =  denote the spreading code index of user u, where Uu ≤≤1 , 
111 Gu ≤≤  and 221 Gu ≤≤  and u1, u2  are the column indices of the column vector 
1ud  in matrix d and the column vector 2uc  in matrix c respectively. The total 
spreading factor G is defined as the product of the spreading factor in two layers: 
21 GGG ×= . Table 1 shows the index of user u with the corresponding index of 
vectors in respective matrices d and c for an example with 2=M  and 8=G  with 
21 =G  and 42 =G . Let column vectors TNKKK ]...,[ ,2,1=K  and 
T
GLLL ]...,[ 2,2,1=L  denote the 1st and 2nd layer cell-specific scrambling code 
respectively, where 1GMN ×=  is the length of the 1st layer scrambling and G2 is 
the length of the 2nd layer scrambling. For illustrating purpose, we assume that the 
length of the 1st layer scrambling code be is the same as the block length. The length of 







TLS-CDMA is a generalized case of BS-CDMA. When OCI is negligible, e.g. a 
hot-spot environment, TLS-CDMA becomes BS-CDMA by decreasing the spreading 
factor of the 1st layer to one and increasing the spreading factor of the 2nd layer to 
support more users. 
 
Figure 3-1 Transceiver structure of the TLS-CDMA scheme 
Figure 3-2 shows the packet structure before and after spreading and scrambling in the 
1st and the 2nd layer for the above example. Specifically, the data vector us is spread 
and scrambled in the 1st layer, followed by spreading and scrambling in the 2nd layer. 
The spreading factors in the two layers can be controlled and adapted through a 
variable spreading factor control (VSFC) block according to the cell structure, the 
channel propagation conditions and the number of active users. For example, in a 
hot-spot environment where the user mobility is very low, a larger spreading factor 
can be used in the 2nd layer to support more users. Also under slot fading, a larger 
spreading factor can be used in the 2nd layer to support more users, and vice versa. 






spreading factor for the 2nd layer and a larger one for the 1st layer. Using this 
adaptation, the system can give the best performance under each specific environment 
given the same total spreading factor.  
The chips after spreading and scrambling in the 1st layer are arranged into blocks, with 
each block having N chips. The spreading and scrambling in the 2nd layer spreading 
and scrambling are then performed block by block. After spreading and scrambling in 
these two layers, the chips are appended with CE. Figure 3-3 shows the chips after the 
insertion of CE in each block, and this is followed by a row-by-row parallel-to-serial 
(P/S) conversion. The use of CE is to remove inter-block interference caused by the 
delay spread of the channel. It also maintains the orthogonality among the received 
signals irrespective of the late or early arrival of received signals from multiple users 
in the uplink transmission [48]. In addition, techniques such as adaptive transmit 
timing control scheme can be used to align the time differences among different users 
within CE [52]. The resulting chips pass through the pulse shaping and RF conversion 
before transmitting over a broadband wireless channel. 
Let nua ,  denote the n
th chip of user u after spreading and scrambling in the 1st layer 
and ][, bA nu  denote the n
th chip of user u for the bth block after spreading and 
scrambling in the 2nd layer. Mathematically, ][, bA nu  can be described by 




nu Kdsa ⋅⋅= +−+⎥⎦
⎥⎢⎣










s  is the data symbol 






21 Gb ≤≤ . 1),1mod(, 11 +− Gnud  is the spreading code in the 1st layer, buc ,2  is the 
spreading code in the 2nd layer, nK  is the cell-specific scrambling code in the 1
st layer, 
and bL  is the cell-specific scrambling code in the 2
nd layer.  
 
Figure 3-2 Packet structure for the two-layer spreading and scrambling 
 
 
Figure 3-3 Data structure after the insertion of CE and parallel to serial conversion 
Note that the scrambling in the 1st layer is done within each block and that for the 
2nd layer is done across each block. As shown in Figure 3-3, the TLS-CDMA system 
adds a cyclic prefix of 1Q chips at the beginning of each block and a cyclic postfix of 
2Q chips at the end of each block. The resulting expression for the transmitted 














































ω   (3.2) 






























where ( )tω  is the rectangular function. If 1Q and 2Q  are set to be 0, ][, bx nu  will 
be equal to ][, bA nu  for Nn ≤≤1 and 2G1 ≤≤ b .  
In an uplink transmission, the signal from each user passes through a multipath 









~ τδα             (3.3) 
where P is the number of paths, αu(p) is the instantaneous complex path gain of the 
pth-path for the uth user, τu,p is the time delay of the pth-path for the uth user and )(tδ is 
the Dirac delta function.  
In the uplink transmission, the base station receives the data stream from all users 
asynchronously. The signals from users would have undergone different 
propagation conditions. After passing the composite received signal through the 
matched filter, CE is removed. Descrambling and despreading are performed before 
the signal is transformed into the frequency domain through an FFT block. Due to 
despreading in the 2nd layer before FFT, the complexity of the frequency domain 






CP-CDMA system) with considerable power saving. Thereafter, the data is 
transformed into the time domain again through an IFFT block to perform 
despreading in the 1st layer before the symbols are recovered.  
Assuming that there are U active users in total, the received signal r(t) at the base 








            (3.4) 
where )(tη represents the AWGN component, )(thu is the combined impulse response 
of the transmit pulse shaping filter, )(tpt  (assumed to be square-root raised cosine) 
and the frequency selective fading channel response, )(~ thu , and the receive match 
filter, )(tpr . That is  
)()(~)()( tpthtpth rutu ∗∗=             (3.5) 
As shown in Figure 3-1, the TLS-CDMA receiver performs the matched filtering 
followed by chip-rate sampling. The respective cyclic prefix of Q1 chips and postfix of 
Q2 chips are discarded in each block. Let ][brn  denote the remaining chip samples 
corresponding to the nth chips of the bth block: 











,           (3.6) 
where ][, bh pu denotes the channel response of the p
th path of user u for the bth received 






represents AWGN at the sample n of the bth received block. Similar to Chapter 2, for 
our derivation, perfect synchronization among users has been assumed. In the 
illustration in the next section, we have considered both chip-synchronized and non 
chip-synchronized cases for the proposed TLS-CDMA.  
3.2.2 Two-layer Spreading and Scrambling  
The TLS-CDMA scheme is a generalized platform of BS-CDMA and CP-CDMA. 
Specifically, the spreading of CP-CDMA can be viewed as the 1st layer spreading of 
TLS-CDMA and the block spreading of BS-CDMA can be viewed as the 2nd layer 
spreading of TLS-CDMA. With the two-layer spreading, the TLS-CDMA scheme has 
the flexibility to adapt according to the cell structure, the channel condition and the 
number of active users. As such, the 1st layer spreading of TLS-CDMA is used for 
MPI suppression whereas the 2nd layer spreading is prioritized for multi-user 
allocation. Such two-layer spreading helps TLS-CDMA to combat MAI and MPI 
more effectively. With the additional cell specific scrambling in two-layer, 
TLS-CDMA can also achieve better OCI suppression in a multi-cell system due to the 
larger spreading factors. Compared to BS-CDMA and CP-CDMA, TLS-CDMA can 
realize the seamless handover between the cellular system and hotspot system using 
one air interface by adapting the two-layer spreading factors.  
3.2.3 Two-layer Code Generation 
Figure 3-4 shows the proposed two layer tree structured code generation of orthogonal 






similar to the method described in [58]. The code matrix d is for spreading in the 1st 
layer and the code matrix c is for the spreading in the 2nd layer, ),( 21 uu cd   is the 
code set for user u. For the sake of code generation, we assume that multiple users are 
allocated in two layers. 
Code generation method: Let )2( 1−knc denotes the nth column of code c for the kth 
level, where 12 2
−= kG  and 12,,2,1 −= kn L . Starting from 1)1(1 =c , a set of 12 −k  
spreading codes are generated at the thk  level from the left. The code length of the 
thk  level is 12 −k  and can be used for the code-channels transmitting data at a rate 
12 −k  times lower than the 1st level. Note that generated codes of the same level 
constitute a set of Walsh functions and they are orthogonal. Furthermore, any two 
codes of different levels are also orthogonal except for the case when one of the two 
codes is a mother code of the other. For example, all of )1(1c , )2(1c , )4(1c  are 
mother codes of )8(3c , and so are not orthogonal to )8(4c . From this observation, if 
)4(1c  is assigned to a user requesting a service at 2 times the data rate, the two codes 
{ )8(1c , )8(2c } generated from this code cannot be assigned to other users that 
requests for lower rate service. Also, the mother code )2(1c  of )4(1c  cannot be 
assigned to users that requests higher rates (of course, the use of codes having 
excessively short code lengths may also be impractical). While this is a restriction 
imposed on the tree-structured code assignment for maintaining orthogonality, the use 
of )2(1c  is equivalent to the simultaneous use of four consecutive codes 






code generation method is used for code d .  
In contrast to OVSF in the conventional CDMA system, the two layer code generation 
method of OVSF for the TLS-CDMA system is different in such a way that each user 
has a code set ),( 21 uu cd  and the assignment rule does not need to be followed 
simultaneously. For example, if either 1ud  or 2uc   is orthogonal to other users, the 
code set ),( 21 uu cd  will be orthogonal to these users. Specifically, suppose user 1 
chooses G = G1 × G2 = 4 × 4 and user 2 chooses G = G1 × G2 = 4 × 8, and the data rate 
of user 1 is 2 times higher than that of user 2. For spreading in the 2nd layer, code )8(7c  
is selected as the channelization code for user 2 and the parent code of )8(7c  is )4(4c . 
In order to maintain the orthogonality between users 1 and 2, the code selected for user 
1 must not be generated from )4(4c . By selecting one code from )4(ic , where 4≠i  
for user 1, e.g. )4(2c , the orthogonality between users 1 and 2 is maintained. Since 
code 2uc  meets the selection criterion, it is not necessary for code 1ud  to follow the 
same selection criterion simultaneously. It can be selected even the same code, e.g., 
)4(4d . The code sets of user 1 and user 2 are still orthogonal. 
With the above selection criterion, two-layer spreading gives TLS-CDMA more 
flexibility in selecting orthogonal codes. Different orthogonal code such as Walsh 
Hadamard code, orthogonal Gold code and Zadoff-Chu code can be selected for 
spreading in different layers independently [21]. However, since spreading in the 1st 
layer is prioritized to suppress MPI, it is recommended to select codes with better 






layer is prioritized to combat MAI, it is recommended to select codes with better 
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Figure 3-4 The proposed two-layer code tree structure code generation for the TLS-CDMA 
system 
3.2.4 Two-layer Descrambling and Despreading 
Figure 3-5 illustrates the procedures of descrambling and despreading in two layers. 
We assume the presence of a desired user 1 (U1) and an interference user 2 (U2) in the 
illustration. Assume that user 1 has two multi-paths as U1, P1 and U1, P2 with the 
respective channel responses h11 and h12 respectively. User 2 has only one path (U2, P1) 
with the channel response h21. The symbol length M and the 1st layer spreading factor 
G1 are all set to be 2 and the 2nd layer spreading factor G2 is set to be 4 for simple 
illustration. Figure 3-5 (a) shows a chip-synchronized case. User 1 and user 2 arrive at 
base station at a different time of multiple chips and they are synchronized in chip 
level. The combined receiver signals with the summarization of different multipaths 








parallel-to-serial conversion, which is equivalent to a block deinterleaving, is to stack 
the spreading chips in the 2nd layer together, e.g. symbol #1,.. ,symbol # 4. Similar to 
Chapter 2, the orthogonality of the spreading in the 2nd layer is easily maintained due 
to the small channel variations across consecutive blocks. For example, the MAI term 
from user 2 for sym # 1, the common part of 21h  × 12121 Kds  in each chip gives 
021
2
21 =∑ =Gb bbb Lcc  when 2bL  is a constant. That means the MAI from user 2 is 
completely removed after the despreading in the 2nd layer. That is to say the arrival 
time difference among users does not destroy the code orthgonality of the despreading 
in the 2nd layer. Hence, the spreading in the 2nd layer is used to allocate multi-users. 
Furthermore, the scrambling in the 2nd layer is used to distinguish between different 
cells. The scrambling codes such as Gold codes exhibit low cross correlation, therefore 
the cell-specific scrambling can be used to suppress OCI. On the other hand, the 
spreading in the 1st layer is used to suppress MPI. In addition, the scrambling in the 1st 
layer is used to distinguish between different cells and suppress OCI as well. Overall, 
the scrambling in both the 1st and the 2nd layers can enhance the capability of the 
proposed TLS-CDMA scheme to suppress OCI by a factor of G1 × G2 in a multi-cell 
environment.  
After the despreading in the 2nd layer, MPI is still remained. As seen, after 
transforming into the frequency domain, the four chips [s11d12K2  s12d11K3  s12d12K4  
s11d11K1] of U1P1 is a cyclic shifted version of the four chips [s11d11K1   s11d12K2  
s12d11K3  s12d12K4] of U1P2, indicating  they have MPI and such MPI can be 
equalized by one tap FDE [22]. As the despreading in the 2nd layer is operated before 






compared to CP-CDMA. This amounts to a considerable power saving in frequency 
domain processing. In the frequency domain, the convolution of symbol sequence with 
channel impulse response is equivalent to multiplication of the transform of the signal 
with the channel transfer function 1h  in the frequency domain, e.g. FFT ( 1h ) × FFT 
([s11d11K1  s11d12K2  s12d11K3  s12d12K4]). The weight 1W  of FDE can be estimated 
with the help of pilot symbols. Different single tap equalizers based on zero forcing (ZF) 
and minimum mean squared error (MMSE) estimation can be considered to equalize 
the channel distortion [5]. ZF is able to equalize the channel completely, but has a 
strong noise enhancement. For MMSE, there is still a small residual channel distortion 
across the chips. This residual channel distortion will destroy the code orthogonality 
among the spreading code in the 1st layer. This observation indicates that spreading in 
the 1st layer should not be prioritized for multiple access, but MPI suppression. The 
remaining 1GM ×  chips are multiplied with the combination of the 1st layer 
scrambling and spreading code after it is transformed into time domain. In summary, 
the spreading in the 2nd layer is prioritized for multiple users to combat MAI and the 
spreading in the 1st layer is prioritized to suppress MPI for the proposed TLS-CDMA 
scheme.  
After the despreading in the 2nd layer is performed, the FDE which consists of an FFT, 
one-tape equalizer and an IFFT block equalizes the signal in the frequency domain. 
Without MAI, MPI can be subsequently suppressed by performing the despreading in 
the 1st layer much like the case for conventional rake receiver. The spreading codes can 
be selected with good auto-correlation properties.  






arrive at basestation at a different time which is not an integer number of chips. It is 
noted that the chip sequences from user 2 are not synchronized with the chip 
sequences from user 1 in chip level. After the re-ordering of chip sequences in such a 
way that the different chips of the same symbol are grouped, it is seen that the chips 
from two partial chips from user 2 are in the same chip duration as one chip from user 
1. For example, due to the non chip-synchronization, chip s11d11c11L1K1 (first 
multipath) from user 1 is added with a mixed chip from two partial chips 
s22d22c21L1K4 and s21d21c21L1K1 from user 2. After the descrambling and despreading, 
the MAI from user 2 is completely removed because there is a common part of the 
two partial chips s22d22K4 and s21d21K1 for the MAI term from user 2 during the 
despreading. That is to say the arrival time difference among users which is not 
chip-synchronized does not destroy the code orthgonality of the spreading in the 2nd 
layer.  
Assuming that the lth user with code set ),( 21 lll =  is despread at the receiver, where l1 
is the index from code matrix d  and l2  is the index from code matrix c . After 































pnu LcbLcbha η  
(3.7) 
Assuming that the channel variation across the consecutive blocks is negligible, we 
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bblnn Lcbηη  represents the AWGN component with the same 
variance of 2nσ  as nη . From (3.9), it is observed that MAI from spreading in the 2nd 
layer is removed completely after descrambling and despreading in the 2nd layer 
without using any complex MUD technique.  
From the above analysis, it is seen that the TLS-CDMA scheme becomes a 
conventional CP-CDMA scheme with CP after descrambling and depsreading in the 




















  (3.10) 
where ku,Ψ , kuH ,  and kN  are the frequency domain transformation of the signal 























































πη    (3.11) 
For channels with large delay spread, FDE is computationally simpler than the 
corresponding time domain equalization [50]. Let klW ,  denote the equalization 
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HW =               (3.13) 
This leads to an ISI free situation at the equalizer output. Under MMSE criterion, the 

























            (3.14) 
where 2nσ  is the variance of n'η  and 2sσ  is the signal power of nus , .  
Compared to the conventional CP-CDMA [38] and DS-CDMA [2], the incremental 






performing the spreading and scrambling in the 2nd layer and adding an associated 
function block of VSFC to adapt the spreading factor in two layers. Since the 
spreading in the 2nd layer is mainly for multi-users allocation, thus the spreading 
factor is relatively small because it is related to the number of active users. The small 
spreading factor would only cause a minimal increment in the complexity to perform 
the spreading. Furthermore, the spreading and scrambling in the 2nd layer is performed 
block by block which makes it easy for implementation. For instance, assuming M 
symbols are transmitted. For CP-CDMA and DS-CDMA, the spreading factor is G. To 
make a fair comparison, the corresponding total spreading factor which is the product 
of the spreading factor in two layers for the proposed TLS-CDMA scheme is G. It is 
equal to G = G1 × G2. Then the incremental complexity is minimal for performing the 
spreading in the 2nd layer with a spreading factor of G2. 
In addition, the incremental complexity for the VSFC block to adapt the spreading 
factor in two layers is negligible because it only involves some control functions. Of 
course, the reader must bear in mind that the above analysis only provides a very 
rough indication of complexity and that the actual implementation complexities will 
depend on the specific hardware architectures and other factors. The main point of the 
complexity analysis is that the proposed TLS-CDMA scheme appears promising for 





























































































 2nd layer block despreading  
( Sym #1 ) 
 2nd layer block despreading 
 ( Sym # 4 ) 

























































∑ Sym #1 Sym #2 Sym #3 Sym #4 
U1P1 
H11× 
s11d12K2 s12d11K3 s12d12K4 s11d11K1 
U1P2 
H12× 








(a) Chip-synchronized case 
s11d11K1 s11d12K2 s12d11K3 s12d12K4 
s11 s12 s11d11K1 s11d12K2 s12d11K3 s12d12K4 
1st layer descrambling and despreading 
× d11K1 × d12K2 × d11K3 × d12K4 
s11d11K1 S11d12K2 s12d11K3 s12d12K4 
s11d11K1 s11d12K2 s12d11K3 s12d12K4 
FFT
FFT(h1) × FFT( ) 
FDE
W1× FFT(h1) × FFT( 
IFFT1
st layer despreading 
2nd layer despreading 









(b) Non chip-synchronized case 
Figure 3-5 The procedure of descrambling and despreading in the two layers  
3.2.5 Performance Analysis 
In this section, we will first derive the conditional bit error rate (BER) based on using 
Gaussian approximation of ICI. We will then numerically evaluate the theoretical 
average BER performance. 
Theoretical Average BER 
Referring to Figure 3-1, the equalized signals are converted into time domain using an  
IFFT operation followed by the descrambling and despreading in the 1st layer. The 










































































1 π          (3.15) 
The first term represents the desired signal component, the second term represents ICI 
owing to MPI and MAI, and the third term represents the noise component. Note that 
ICI is the sum of the interference from one’s spreading code (self-interference) and 
from other spreading codes (other code-interference).  
After the IFFT operation, the received chips are descrambled and despread using the lth 
user’s 1st layer scrambling code and spreading code 
1lm dK ⋅ . Without loss of 
generality, the received zth symbol of user l after the descrambling and despreading is 





















klklzlN Φ+Φ+⋅⋅= ∑=        (3.16) 
where the first term represents the desired data symbol component, and the second 
and third terms are the respective ICI and noise. Thus ICIΦ and noiseΦ  are given 
by 

























































eNWKdz π  
(3.18) 
From (3.16), the despreader output ICIΦ  is a random variable. Since the resultant 
orthogonal signal after the scrambling is pseudo random, the ICI term can be 
approximately modeled as a zero-mean complex-valued Gaussian noise. As a sequel, 
the sum of ICI and noise can be treated as a new zero-mean complex-valued Gaussian 





E ΦΦΦ +=Φ= σσσ           (3.19) 



























































2σσ         (3.21) 






















































Without loss of generality, assume that the data-modulation is QPSK. Due to the ICI 
term being circularly symmetric, the conditional BER for the given set of 
{ }NkH kl ,,1;, L= or equivalently, the given set of path gains { }Pphp ,,1; L=  can 
be expressed as [47] [54]  
{ }( )⎥⎦⎤⎢⎣⎡= klb HSNRerfcP ,4121 ,γ            (3.23) 
where [ ] ( ) ( )∫∞ −= x dttxerfc 2exp/2 π  is the complementary error function and 
{ }( )klHSNR ,,γ  is the conditional SINR defined by 








































































  (3.24) 
The theoretical average BER can be numerically evaluated by averaging (3.24) over 
{ }NkH kl ,,1;, L= ,  or  
( ) { }( ) { }( )∏∫ ∫ ⎥⎦⎤⎢⎣⎡= k klklklb dHHpHSNRerfcSNRP ,,,4
1
2
1 ,γL .    (3.25) 
where { }( )klHp ,  is the joint probability density function (PDF) of 






BER Lower Bound 
It can be observed from Equation (3.24) that { }( )klHSNR ,,γ  achieves a maximum 































γ         (3.26) 
when *,, klkl HW =  or with maximum ratio combining (MRC) equalization, Equation 
(3.26) can be further simplified to become  















σγ          (3.27) 
An equivalent expression can be given from equation (3.11) by: 















σγ          (3.28) 








,β by )(βp , the average BER is lower bounded by 
[54] 







⎡= ∫∞ 22210 21,         (3.29) 
Assume that a frequency selective Rayleigh fading channel have the uniform power 






variables with the variance of P/1 . The PDF of γ  is therefore 
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 is the binomial coefficient. 
3.3 Simulation Results and Discussions  
In this section, theoretical and simulated performance of the TLS-CDMA scheme has 
been evaluated and compared with the CP-CDMA, MC-CDMA and BS-CDMA 
schemes with the simulation parameters summarized in Table 3-1. Perfect 
synchronization and channel estimation is assumed and no coding is considered in the 
simulation. The maximum total spreading factor (G) and the maximum number of 
active users are set to be 256 and 64 respectively. For TLS-CDMA, G= (G1, G2) is 
adapted from (256, 1) to (4, 64) according to the number of active users, the cell 
structure and the channel propagation conditions. For CP-CDMA and MC-CDMA, 











Table 3-1 Simulation Parameter for TLS-CDMA 
Carrier Frequency 5 GHz 
Bandwidth 40 MHz 
Block size (M) 256 samples (6.4 µs) 
Cyclic prefix length 32 samples (0.8 µs) 
Cyclic postfix length 32 samples (0.8 µs) 
Spreading factor (G=(G1,G2)) TLS-CDMA (256,1), (4,64) 
BS-CDMA (1,64) 
CP-CDMA (256,1) 
Spreading factor MC-CDMA 256 
Packet length 20480 samples (512 µs)  
Modulation QPKS/16QAM/64QAM 
Equalization  scheme ZF/MMSE 
Channel model R. M. S delay spread=0.36 µs 
User mobility (km/h) 3, 30, 60 
 
Figure 3-6 shows the simulated and theoretical results of the TLS-CDMA scheme. We 
consider two sets of two-layer spreading factors for single and multiple users. The first 
one is to set a fixed G, i.e., G = (G1, G2) = (4, 64) for both cases. The second one is to 
adapt G for different cases, i.e., G = (G1, G2) = (4, 64) for multiple user (64 users) and 
G = (G1, G2) = (256, 1) for single-user. The theoretical BER performance of the 
TLS-CDMA scheme is based on equation (3.26). From Figure 3-6, using MMSE 
equalization is much better than using ZF equalization for both single and multiple 
users. This is because MMSE can effectively equalize the channel and suppress noise 
simultaneously. It is also observed that the BER performance of all equalization 
techniques does not degrade when the number of active users increases. This indicates 






the virtue of block spreading. This agrees with the conclusion in the previous section 
that the spreading in the 2nd layer is prioritized for multi-users and spreading in the 1st 
layer is prioritized to combat MPI.  




























Figure 3-6 BER performance of the TLS-CDMA scheme for a fixed G (QPSK) 
On the other hand, when the adaptive G is used, Figure 3-7 shows that the theoretical 
BER performance of the single-user case is improved significantly compared to the 
multiple-user case when MMSE is used. This is because the TLS-CDMA scheme 
takes advantage of adapting larger spreading factor in the 1st layer to achieve better 
MPI suppression for single-user case. Specifically, to achieve BER of 10-4, the 
required 0/ NEb  for the single-user case is 4 dB which is less than that for the 
64-users case. The simulated BER performance, as shown in both Figure 3-6 and 
Figure 3-7 are very close to the theoretical BER performance respectively for both 






bounded BER performance for comparison purpose, assuming a single user without 
ICI with a spreading factor of 256. For the fixed G case as shown in Figure 3-6, the 
single-user BER performance is worse than the lower bound due to the residual MPI 
when a fixed spreading factor is used in the 1st layer. However, with adaptive G as 
shown in Figure 3-7 the single-user BER performance approaches the lower bound 
when MMSE is used because a higher diversity effect is achieved due to a larger 
spreading factor in the 1st layer. As such, the effect of MPI for the single-user case is 
negligible. This indicates the advantage of using adaptive over fixed G for 
TLS-CDMA.  





























Figure 3-7 BER performance of the TLS-CDMA scheme for an adaptive G (QPSK) 
In Figure 3-8, we show the BER performance of the TLS-CDMA scheme for with 
multi-level modulation, including 16-QAM and 64-QAM as a function of 0/ NEb . 
Similarly, single and multiple users, fixed and adaptive G are considered. It is observed 






BER performance for multiple users under 16QAM and 64 QAM are almost identical 
to the single user case for fixed G. When adaptive G is used, the BER performance for 
the single user case is much better than that for multiple users due to the same reason 
as presented above. Specifically, to achieve 10-4 BER, the required 0/ NEb  for the 
single-user case is less than the one for the 64-users case at 5.5 dB and 6.5 dB for 
16QAM and 64 QAM, respectively, when MMSE is used. This means that the 
TLS-CDMA system has the flexibility and advantage of adapting the spreading factor 
to the number of active users when adaptive G is used. 
































Figure 3-8 BER performance of the TLS-CDMA scheme (QAM) 
Figure 3-9 shows the BER performance at 0/ NEb  = 10 dB as a function of the 
number of active users for the TLS-CDMA, CP-CDMA, MC-CDMA and BS-CDMA 
systems. The velocity of all users is 3 km/h. The signal-to-other-cell-interference ratio 






(256,1) and the corresponding FFT size is 512 with MMSE used at the receiver. It is 
noted that the maximum number of active users used in the simulation is set to 64 when 
0/ NEb  = 10 dB in the following simulations in order to achieve the required BER 
(usually <10-3). However, the number of active users can be increased to obtain the 
same BER performance when 0/ NEb  is set to a higher value. It is seen that the BER 
performance of the CP-CDMA and MC-CDMA systems degrades when the number 
of active users increases while the BER performance of the BS-CDMA system 
remains almost the same. However, when the number of active users is less than 32, 
the performance of the BS-CDMA system is worse than that of the CP-CDMA and 
MC-CDMA systems. This is because under this situation, MAI is less severe and MPI 
dominates the BER performance compared with MAI. Thus, the CP-CDMA and 
MC-CDMA systems outperform BS-CDMA due to their stronger MPI suppression 
capabilities by using a larger spreading factor in the frequency domain. When the 
number of active users is more than 32, MAI becomes more severe and subsequently 
MAI dominates the BER performance compared with MPI. Thus, BS-CDMA system 
performs better than CP-CDMA and MC-CDMA due to its strong capability to 
preserve code orthogonality among multiple users. In essence, the TLS-CDMA 
system is a generalized form of the CP-CDMA and BS-CDMA systems. By taking the 
respective advantage of spreading in the 2nd layer to combat MAI and spreading in the 
1st layer to suppress MPI, the TLS-CDMA system is capable of adapting (G1, G2) to 
(256, 1), (128, 2), (64, 4), (32, 8), (16, 16), (8, 32), (4, 64) according to the number of 
active users of 1, 2, 4, 8, 16, 32 and 64. The results show that the TLS-CDMA system 






of active users using different combination of two-layer spreading and achieves better 
BER performance than both CP-CDMA and BS-CDMA. However, it is also seen that 
the BER performance of the TLS-CDMA system is worse than that of the MC-CDMA 
system for small number of active users because MC-CDMA has stronger MPI 
suppression capability. Unfortunately, MC-CDMA is not suitable for uplink 
transmission due to its high PAPR value. 






















Figure 3-9 BER performance comparisons among the TLS-CDMA, CP-CDMA, MC-CDMA and 
BS-CDMA schemes (v=3 km/h) 
In Figure 3-10, the BER performance of TLS-CDMA, CP-CDMA, MC-CDMA and 
BS-CDMA systems at 0/ NEb  = 10dB is compared when the velocity is 60 km/h. 
The same trend as Figure 3-9 is observed, with TLS-CDMA achieving better 






performance differences can also be seen. For example, comparing with Figure 3-9, 
the BER performance of BS-CDMA degrades when the velocity is increased. This is 
because the code orthogonality in the 2nd layer is destroyed due to the high mobility 
users and this subsequently enhances MAI. This means that the BS-CDMA system 
becomes less robust against MAI when user mobility becomes high. Through 
adapting the two-layer spreading factors according to the number of active users in 
the TLS-CDMA systems, it is noted that the performance degradation of the 
TLS-CDMA system due to the high mobility user is minimized. This shows the 
advantage of adapting the two-layer spreading factor for the TLS-CDMA system 
according to channel propagation conditions such as Doppler spread. 
In Figure 3-11, the BER performance is evaluated as a function of the data rate per 
user Rb at a velocity of 3 km/h. We set 0/ NEb  = 15 dB and the number of active 
users to 32 in the simulation. In order to achieve the respective Rb of 0.4 Mbps, 0.8 
Mbps, 1.6 Mbps and 3.2 Mbps, the TLS-CDMA system employs the spreading factor 
of (8, 32), (4, 32), (2, 32), (1, 32), the CP-CDMA and MC-CDMA systems employs 
the spreading factor of (256, 1), (128, 1), (64, 1), (32, 1) and the BS-CDMA system 
employs the spreading factor of (1, 256), (1, 128), (1, 64), (1, 32) accordingly. From 
Figure 3-11, the TLS-CDMA system achieves the best BER performance among the 
four systems at a velocity of 3 km/h. It is also seen that the BER performance of the 
TLS-CDMA system degrades when Rb increases. This is because the spreading gain 
achieved in the 1st layer becomes less when Rb increases. When Rb reaches 3.2 Mbps 
(the highest data rate), the BER performance of the TLS-CDMA system is the same as 






G= (1,32). When Rb is less than 3.2 Mbps, the TLS-CDMA system can achieve a 
better performance than the BS-CDMA system because it can exploit further 
frequency diversity in the 1st layer with a larger spreading factor. Similarly, when Rb 
increases, the BER performance for the CP-CDMA and MC-CDMA systems is 
degraded significantly because a smaller spreading factor causes a significantly 
increased MAI for the same amount of supported users. Compared with Figure 3-9 
and Figure 3-10, it is found that BS-CDMA performs better than CP-CDMA and 
MC-CDMA because MAI dominates the BER performance for the later schemes. 






















Figure 3-10 BER performance comparisons among TLS-CDMA, CP-CDMA, MC-CDMA and 




























Figure 3-11 BER performance comparisons among the TLS-CDMA, CP-CDMA, MC-CDMA 
and BS-CDMA schemes on the effect of data rate per user (v=3 km/h) 
Figure 3-12 shows the BER performance as a function of Rb at a velocity of 60 km/h. 
The same trend as Figure 3-11 can be observed. The TLS-CDMA system achieves the 
best BER performance among the four systems for high mobility users. Compared 
with Figure 3-11, it is found that the BER performance of the TLS-CDMA, 
CP-CDMA and MC-CDMA systems remain almost unchanged. However, the BER 
performance of the BS-CDMA system is degraded due to the fast fading channel that 
destroys the code orthogonality among multiple users. More specifically, at the data 
rate of 0.4Mbps, the spreading factor used for BS-CDMA is (1,256). While at the data 
rate of 0.8Mbps, the spreading factor used is (1,128). At V=60 km/h, the usage of a 
larger spreading factor causes increased MAI due to the fast fading channel, leading to 






32, it is observed that the BER performance remains almost same. It is meant that 
through adapting the spreading factor, the TLS-CDMA system becomes less sensitive 
to channel propagation conditions such as Doppler spread. Overall, the above results 
show that the TLS-CDMA system is capable of supporting a large number of high 
data rate users simultaneously even with high mobility by adaptating the spreading 
factor in two layers. 
 






















Figure 3-12 BER performance comparisons among the TLS-CDMA, CP-CDMA, MC-CDMA 
and BS-CDMA schemes on the effect of data rate per user (v=60 km/h) 
3.4 Chapter Summary  
In this chapter, a two layer spreading CDMA (TLS-CDMA) scheme has been proposed 
to tackle OCI and MAI more effectively using a two-layer spreading with an 






system. The spreading factors can be adapted in both layers according to the cell 
structure, the channel condition and the number of active users. Combined with the 
additional two-layer cell-specific scrambling code, it can achieve one cell frequency 
reuse because the larger spreading factor offers better OCI suppression in a multi-cell 
system. We have also proposed a two-layer code generation to flexibly select 
spreading codes for different layer spreading because they serve for different purposes: 
the 1st layer spreading is used for better OCI suppression while the 2nd layer spreading 
is prioritized for multi-user allocation. As such, the proposed TLS-CDMA scheme is 
capable of combating MAI and OCI more effectively than BS-CDMA. Comparatively, 
in a hot-spot system where OCI is almost negligible, BS-CDMA is superior to support 
more users because of its capability to combat MAI (in this case, TLS-CDMA 
becomes BS-CDMA by setting the 1st layer spreading factor to one). However, in a 
multi-cell environment where OCI is significant, TLS-CDMA is superior to 
BS-CDMA due to its better OCI suppression capability. Overall, TLS-CDMA is 
superior to BS-CDMA in broadband wireless packet access, since former provides a 
seamless deployment between multi-cell and hot spot environment using the same air 
interface by changing the two-layer spreading factors. In addition, compared to 
BS-CDMA, TLS-CDMA has more flexible accommodation of the lower data rate 
with higher-quality transmission by utilizing the frequency diversity effect in the 1st 






4 Block Spread Interleaved Frequency 
Division Multiple Access (BS-IFDMA) 
4.1 Introduction 
Interleaved frequency-division multiple-access (IFDMA) has been introduced as a new 
wideband spread-spectrum multiple access scheme for both downlink and uplink mobile 
communications [60]-[62]. The basic idea behind IFDMA is to combine 
spread-spectrum multi-carrier transmission (spread signal bandwidth through signal 
compression and repetition) with FDMA to avoid MAI and to achieve frequency 
diversity. Since IFDMA is an orthogonal multiple access scheme, there is, theoretically, 
no MAI in IFDMA systems. Compared to MC-CDMA, CDMA, and TDMA, IFDMA 
shows several additional advantage: continuous transmission, constant envelope (low 
PAPR), and coarse time synchronization. However, in cases where groups of 
sub-carriers are assigned to different users, significant loss of frequency diversity may 
occur when the number of users increases.  
In previous chapters, block processing for CDMA system has been proposed as an 
alternative to conventional CDMA processing. In the BS-CDMA and TLS-CDMA 
transmitters, the spreading is performed on a block of symbols instead of individual 
symbols, allowing code orthogonality to be maintained over broadband frequency 
selective fading channel. At the receiver, a block de-spreading operation precedes 
equalization and other processing, leading to lower processing complexity [63]. 






for more flexible user allocation in multi-user systems. In this chapter, a Block-Spread 
Interleaved Frequency Division Multiple Access (BS-IFDMA) scheme is proposed. It is 
capable of allocating users in block-level code-spreading process for multiple access on 
top of the IFDMA multiple access scheme for flexible user allocation. Orthogonality 
among users in block spreading is achieved when the block spreading, carried out in 
time domain, is over a few IFDMA block symbols with negligible channel variation 
(i.e., transmission over quasi time-invariant channel). Given the same number of 
supported users and same system bandwidth, by allocating more users in the block 
level code spreading domain, more frequency diversity can be achieved for the 
proposed scheme since more subcarriers can be allocated for individual user in the 
frequency domain compared to the conventional IFDMA scheme.  
4.2 Block Spread Interleaved Frequency Division Multiple 
Access (BS-IFDMA) 
A: Transmitter and Receiver Architecture 
In this chapter, frequency domain implementation of the conventional IFDMA scheme 
is considered [62]. Figure 4-1 shows the transceiver structure of the proposed 
BS-IFDMA scheme for uplink transmission. ibs UUU ×=  users in total are allocated 
by way of block level code spreading ( bsU ) and IFDMA ( iU ). The spreading code of 
user u with length of Gt is denoted as TGuuu tcc ]...[ ,1,=c  where bst UG ≥ . There are 
Gt sets of orthogonal spreading code available for allocation. It is noted that iU  users 






bsbs UvUu modmod = . On contrast, 0=vHu cc  for bsbs UvUu modmod ≠  where user 
v uses a different spreading code orthogonal to user u, where },1{, Uvu L∈ , T][• and 
H][• denote transpose operation and Hermitian transpose operation respectively. 
 
 
Figure 4-1 Transceiver structure of the proposed BS-IFDMA scheme for uplink transmission 
With reference to Figure 4-1, given the input of the 1×M  transmitted data symbol 
with TMuuuu ddd ][ ,2,1, K=d , the enlarged 1×N )( iUMN ×=  output of the 
IFFT block TNuuuu sss ][ ,2,1, K=s  can be written as: 
uu
H
Nu dPWs ⋅⋅=               (4.1) 
where NW  and 
H
NW  represent N-point FFT and IFFT matrix with the 
tha row and 
thb  column entry Nabiab e
/2][ π−=W . The MN ×  precoding matrix 















































between data. MW  and 
H
MW  represent M-point FFT and IFFT matrix with the 
tha row and thb  column entry Mabiab e
/2][ π−=W  and uJ  is a length MNUi /=  
column vector with the uth element one and else zeros. ⊗  denotes the Kronecker 
product. 
Following the conventional IFDMA, block spreading is performed through Kronecker 
product operation between Tus  and the u





















scx         (4.2) 
Chips from this matrix will be transmitted row by row (same as the parallel to serial 
conversion operation in the illustration) over Gt block periods, which means that N  
chips are transmitted at each block period, i.e.,  
T
Nubuububuuu scsccb ][)( ,,1,,, L=⋅= sx  tGb L1= .       (4.3) 
Being at the block level (over Gt blocks), this spreading operation is referred to as block 
spreading. After CP insertion for each block, the signal is transmitted to the channel. 
Assuming all users have the same processing gain Gt. At the receiver side, the received 






uu nxhr += ∑
=
            (4.4) 
where )(buh  is a N x N channel matrix. Thanks to the role of CP, )(buh  is a circulant 
Toeplitz matrix for the bth block with first row given as: 






)(bn  is the 1×N  AWGN noise vector during the thb  block period.  
For our derivation, we assume the perfect timing synchronization and frequency 
synchronization. However, in practical system, we have to consider for non 
timing-synchronized case and non frequency-synchronized case. In a non 
timing-synchronized case, similar to the block spreading for CDMA as described in 
Chapter 2 and 3, the length of the cyclic prefix and cyclic postfix may be designed to 
account for the achievable arrival timing difference among users with the application 
of coarse transmission timing control together with the insertion of the cyclic prefix 
and cyclic postfix. In such a case, as long as the arrival timing difference together 
with the multipath delay spread is less than the length of the cyclic prefix and cyclic 
postfix, the code orthogonality of the block spreading is maintained.  
In addition, Figure 4-2 illustrates the block despreading of BS-IFDMA for a non 
frequency-synchronized case. In a non frequency-synchronized case, the mutual 
interference of the adjacent sets of orthogonal frequency components is caused by the 
frequency errors associated with the difference in the oscillator accuracy between the 
base station and all mobile stations and with the Doppler shift. In order to avoid the 
former influence, we apply automatic frequency control (AFC) of the standard 
oscillator in each mobile station, which has been already employed in 3G cellular 
system [64]. That is to say, the mobile station measures the frequency of the base 
station using a reference channel such as a pilot channel in the downlink transmission. 
Then, the frequency error of the standard oscillator of the mobile station is suppressed 
to within approximately ten times the error compared to that of the base station, such 






mobile stations is maintained with only a few errors, which has only a slight impact 
on the orthogonality in the frequency domain. As for the latter influence caused by the 
Doppler shift, we cannot directly compensate for its frequency error. In here, we 
illustrate that the orthogonality of the block spreading for BS-IFDMA is maintained 
for the non frequency-synchronized case. Given an example of four users in total and 
two users allocated in the block spreading domain and two users allocated in IFDMA 
domain, the repetition factor is set to be 4 and the spreading factor Gt is set to be 2. 
Note that the total user capacity is 8, but we only transmit 4 users in this example. 
Figure 4-2 (a) shows the data symbol in frequency domain with three data symbols of 
user 1. After compression and repetition in IFDMA domain, Figure 4-2 (b) shows the 
representation of the 12 data symbols in IFDMA domain. These are standard signals 
for the conventional IFDMA. Furthermore, Figure 4-2 (c) illustrates the data symbols 
in both block spreading domain and IFDMA domain. The composite received signals 
constitute signals from four users, namely user 1, user 2, user 3 and user 4. User 1 and 
user 3 are allocated in IFDMA domain. User 2 and user 4 are allocated in IFDMA 
domain occupying the same frequency bin as user 1 and user 3 respectively. However, 
they are using different spreading code in the block spread domain. In ideal case, four 
users are orthogonal with each other.  In here, we assume, in IFDMA domain, user 1 
is not frequency-synchronized with user 3, and similarly, user 2 is not 
frequency-synchronized with user 4. Furthermore, in block spreading domain, user 1 
is also not frequency-synchronized with user 2, and similarly, user 3 is not 
frequency-synchronized with user 4 as well. As shown in the first figure in Figure 4-2 






between user 1 and user 2. Similarly, 3,1fΔ  is the frequency error between user 1 and 
user 3. As mentioned above, note that the frequency errors 2,1fΔ  and 3,1fΔ  are 
influenced by the oscillators among mobile users and basestation and Doppler shift. We 
assume that these frequency errors are kept unchanged for a few consecutive blocks. 
Therefore, in the next block of symbols, the frequency errors 2,1fΔ  and 3,1fΔ  are not 
changed. On the other hand, due to the block spreading, the spreading code across the 
two consecutive blocks for user 1 and user 3 are denoted as c11, c12. Similarly, the 
spreading code across two consecutive blocks for user 2 and user 4 are denoted as c21, 
c22. Due to the uplink transmission, different users have undergone the different 
channels, H1(1), H2(1), H3(1) and H4(1) are denoted as the channel from user 1 to user 
4 for the first block and H1(2), H2(2), H3(2) and H4(2) are denoted as the channel from 
user 1 to user 4 for the second block. We assume that the channel for the first block is 
the same as the channel for the second block for each user, i.e., H1(1)=H1(2), 
H2(1)=H2(2), H3(1)=H3(2) and H4(1)=H4(2). Because the frequency errors among 
users across the consecutive blocks are kept same, the MAI from user 2 against user 1 
is completely removed after block despreading. Similarly, this applies to the MAI 
from user 4 against user 3. That is to say the code orthogonality among users in the 
block spreading domain for the non frequency-synchronized case is still maintained. 
 











(c) Data symbols in both block spreading domain and IFDMA domain  






Mathematically, the block despreading operation (i.e. the reversal of the block 
spreading operation) takes in the tG  blocks of chips and stack them block-by-block to 
construct NGt ×  matrix TtG )]()1([ rrr L= . After multiplying each row with the 
corresponding spreading code of user v  and summing all the rows together, the result 















)()()( ⋅∑+⋅∑ ∑ ⋅=
== =
nxhy         (4.5) 
Block despreading is performed to differentiate users in the block level code spreading 
followed by FFT, being used to facilitate the separation of users in IFDMA domain. 
Assuming )()( bb uuu hhh Δ+= , where NN ×  uh  matrix represents the mean of the 
channel taken over Gt chips and )(buhΔ  represents the variation of the channel over Gt 
chips, the output of the block despreading for user v after substituting )(bux  with (4.3) 
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n               (4.6) 
Where }modmod|{ bsbsv UvUuu ==Ω . It is noted that iU  users share the same 
spreading code. There are only bsU  distinct spreading codes employed in the system, 
where tb GU ≤ . To satisfy the above equation, orthogonal spreading codes are 
assumed. It is clearly seen that the first item is the signal, the second item is the MAI 






be assumed to be negligible during the complete transmission of a single block, i.e., 
)()1( tuuu Ghhh ≅≅≡ L . For time variant channel, channel variation will not be 
negligible during the transmission of a single block. It is interesting to note that both 
uh  and )(buhΔ  are circular and Toeplitz matrix with the first row given as 
)]1()1(0)0([ uuu hLhh LLL −  and )]1()1(0)0([ uuu hLhh Δ−ΔΔ LLL  
respectively.  

















nη . It shows that MAI due to block spreading is completely 
removed under the condition of time invariant channel. It is also interesting to see that 
(4.7) shows the same formula as the conventional IFDMA system at the receiver. It 
means that the proposed BS-IFDMA receiver becomes the conventional IFDMA 
receiver after the block de-spreading. However, the difference is that, the proposed 
BS-IFDMA system is capable of allocating multiple users in block level code spreading 
process on top of the IFDMA multiple access scheme that provides design flexibility 
compared to the conventional IFDMA system. Moreover, compared to the conventional 
CDMA system, with code spreading applied to each user, the block-level code 
spreading multiple access scheme is applied to a group of iU  users allocated in 
IFDMA. Given the same number of supported users in total and same bandwidth, by 
allocating more users in the code domain instead of IFDMA domain, BS-IFDMA is 






can be allocated to individual user in the frequency domain compared to the 
conventional IFDMA system.  
B: Performance Analysis 
To analyze the performance under time-invariant channel, we multiply NW  to (4.7) 
(i.e., transformed into frequency domain) and rewrite it in a matrix format as follows:  






][ 21 dddD L= , ][ 1 iU2 PPPP L= , TU2 i ][ 1 ηηηη L= ,  
representing all users allocated in IFDMA (i.e., these users share the same spreading 
code). The frequency domain response of the channel for the vth user is given by 
H
NvNv WhWH = , where ( )Nvvvv HHHdiag ,2,1, K=H  is a diagonal matrix 
with the diagonals representing the channel response for each subcarriers.  At the 
receiver, as not all sub-carriers are used by every user, the equivalent frequency channel 
response at the receiver is a composition of different users channel response matrix. 
The equivalent matrix with all users in IFDMA can be written as 
( )NUUUU iiii HHHHdiag ,1,1,1,1 KK +=H . 
Based on the signal model (4.8), the BER performance of BS-IFDMA scheme using 
two types of equalizer is investigated. The ZF equalizer is given by += )(HPG zf  
where +⋅)( denotes matrix pseudo-inverse. Using the precoding matrix definitions, we 
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where kip ,  is the element of NN ×  matrix P , 2Dσ  is the power of the transmitted 
symbol and 2ησ  is the power of noise. For a linear MMSE equalizer minimizing 
2DGηGHPD −+E , the equalizer is given by 
1)( −+= ηRHPHPRHPRG HHDHHDmmse  
with [ ] NDHE IDD 2σ= , [ ] NHE Iηη 2ησ= , 1)( −⋅  denotes the matrix inverse. Using a 
Gaussian approximation for the interference, the BEP performance for QPSK can be 
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.      
In the subsequent frequency domain processing and demapping blocks as in 
conventional IFDMA, the data of individual user is extracted through linear or 
non-linear detectors and passed through IFFT block to recover the transmitted signal. 
4.3 BS-IFDMA with Interference Cancellation 






BS-IFDMA to achieve the code orthogonality in the block spread domain. However, 
in practical mobile wireless channel, the channel becomes time variant when users 
move fast and BS-IFDMA may suffer from the residual MAI that arises from the 
rapidly varying channels. On the other hand, in our previous study, we assume all 
users have the same mobility in the system and they have the same contribution to the 
residual MAI when the mobility is high. However, the fact is that users may have 
different mobility and they cause very different interference to other users in practical 
mobile communication system. It is interesting to note that users with high mobility 
cause more interference to other users than the users with low mobility. This 
observation motivates us to detect the signal from the user with high mobility first and 
subtract it from the received signal so that the remaining users may not suffer the 
interference from this “harmful” user during their detection. On the other hand, it 
suffers the lowest level of MAI from users with lower mobility. With this concept, we 
propose two interference cancellation methods that based on the user mobility for 
BS-IFDMA in the uplink transmission to deal with the residual MAI over the practical 
mobile channel. The first is a successive MAI cancellation (SMC) scheme and the 
second is a hybrid MAI cancellation (HMC) scheme. We assume that the base-station 
scheduled users according to their mobility for BS-IFDMA. Users with high mobility 
are separated from users with lower mobility in the code domain while users with 
similar mobility are separated in the frequency domain. Figure 4-3 illustrates an 








Figure 4-3 Users scheduling for the BS-IFDMA scheme with Ui=4 and Ubs=2 
Successive MAI Cancellation (SMC) 
In the SMC scheme, the users in each frequency group are detected successively in the 
descending order of users mobility. As each user's data are detected, the detected data 
are used to cancel out their interference on other users signal. Signal detection for 
different frequency groups can be processed in parallel to minimize latency. Figure 4-4 
shows the block diagram of the proposed SMC scheme for a particular frequency group 
with spreading gain Gt = 4. We assumed that the mobility of User 1 > User 2 > User 3 > 
User 4 in Figure 4-4. We detect the signal of the user with the highest mobility first as it 
has the lowest level of MAI among all the users. On the other hand, it causes the 
strongest interference on the rest of the users. Hence, by detecting and subsequently 
canceling out the interference from the user with the highest mobility, we ensure that 
the system that has the most dominant interference in the system is removed. When the 
interference from the user with the highest mobility is removed, the signal of the user 
with the second high mobility would experience the least interference and become the 
dominant interferer. Therefore we repeat the procedure to detect and then cancel out the 








Figure 4-4 Successive MAI Cancellation (SMC) for the BS-IFDMA scheme with Ubs=4 
The SMC scheme works well if the ratio of high mobility users to the total number of 
users in the frequency group is small. With a small number of users with high mobility, 
there is only a small set of interferers of consequence that need to be cancelled out. 
Therefore, the signal detection of the users with high mobility is reasonably accurate 
and the cancellation process would not suffer from serious error propagation. If the 
ratio of high mobility users to the total number of users is high, we propose to use the 
HMC scheme described in the next section to improve the overall system performance. 
Hybrid Multiple Access Interference Cancellation (HMC) 
For the proposed HMC scheme, both successive and parallel interference cancellation 
methods are used. The users within a frequency group are first divide into two 






threshold is determined based on the maximum Doppler spread a user channel can have 
without causing significant interference to others in the same frequency group. Users 
with mobility greater than the threshold are classified as interferers while the rest are 
classified as non-interferers. Within the class of interferers, users are divided into 
smaller sub-groups accordingly to users mobility. Users with similar mobility are 
grouped together and the sub-groups are sorted in the descending order of the 
sub-groups average mobility. This classification does not require the accurate 
estimation of users’ mobility. 
In Figure 4-5, we illustrate the process of the HMC scheme for a particular frequency 
group within a BS-IFDMA system with Ubs = 8. We assume that the users are labeled 
from 1 to 8 in descending order of their mobility. Moreover, User 1-4 is classified as 
interferers while User 5-8 are classified as non-interferers. The interferers are divided 
into two sub-groups with User 1-2 in the first sub-group and User 3-4 in the second 
sub-group. 
In the first stage of proposed HMC scheme, all interferers’ transmitted symbols are 
estimated using single user detection method. In the second stage of the scheme, 
parallel interference cancellation is carried out for users among the same interferer 
mobility sub-group while successive interference cancellation is carried out from 
sub-group to sub-group in descending order of the sub-groups average mobility. In 
other words, the users in the sub-group with the highest average mobility use the 
estimated symbols from the first stage to reconstruct MAI and cancelled them out 
accordingly. With interference removed, these users' symbols are detected and replace 






sub-group. The procedure is then repeated for all the sub-groups of the interferers. 
 
Figure 4-5 Hybrid MAI Cancellation (HMC) for the BS-IFDMA scheme with Ubs=8 
The second stage is completed when the estimated symbols of all the interferers in the 
first stage have been replaced by the symbols estimated during the second stage. This 






the third stage, the symbols of the users in the non-interferers class are detected 
concurrently after interference from the interferers have been removed. This saves a lot 
of process without causing severe performance degradation. 
4.4 Simulation Results and Discussions 
In this section, the performance of the proposed BS-IFDMA system has been 
simulated to verify the analytical results. The performance of BS-IFDMA with 
different interference cancellation methods has also been evaluated. Table 4-1 shows 
the simulation parameters for BS-IFDMA. The channel model as described in [26] [46] 
is used. Perfect synchronization and channel estimation is assumed at the receiver for 
uncoded system in the simulation. 
Table 4-1 Simulation Parameters for BS-IFDMA 
Carrier Frequency 5 GHz 
Bandwidth 40 MHz 
Block size (M) 256 samples  6.4 µs 
Cyclic prefix length 64 samples 1.6 µs 
Spreading factor (Gt) ≤ 16  
Packet length 20480 samples  512 µs 
Modulation QPKS/16QAM 
Equalization  scheme ZF/MMSE 
Channel model (µs) R. M. S delay spread=0.36 µs 
User mobility (km/h) 3,30, 60, 120 
 
Figure 4-6 and Figure 4-7 show the analytical performance of the proposed 






shown for mobility of V=3 km/h with spreading factor Gt varying from 1 to 16. When 
Gt =1, the proposed BS-IFDMA scheme becomes the conventional IFDMA scheme. It 
is observed that the proposed BS-IFDMA scheme outperforms the conventional 
IFDMA scheme and MMSE achieves better performance than ZF because MMSE 
offers a good compromise between noise enhancement and ISI suppression. It is seen 
that the simulation results is in line with the analytical results, indicating the accuracy 
of our performance analysis. The performance of the proposed scheme is improved 
because when multiple users are allocated in the block-level code spreading process, 
more subcarriers can be assigned for each user (in the conventional IFDMA system, a 
higher value of Ui means that we can only accommodate a smaller number of subcarrier 
for each user, for a given block length N), leading to a larger frequency diversity effects. 
When Gt increases, better performance can be achieved. However, when Gt reaches 16, 
the improvement is almost saturated. It is observed that the performance improvement 
for Gt varying from 1 to 4 is larger than the one for Gt varying from 4 to 16. 
Figure 4-7 shows the BER performance for mobility of V=30 km/h using MMSE. The 
same trend on the performance improvement of the BS-IFDMA scheme over the 
conventional IFDMA scheme can be observed. However, it is seen that the performance 
of the BS-IFDMA scheme start to degrade when the spreading factor Gt increases from 
8 to 16. This is because the channel is no longer time invariant when V=30 km/h and Gt 
=16, leading to MAI and performance degradation. This can be resolved through either 
using adaptive spreading factor mechanism to ensure that the spreading factor of the 
proposed BS-IFDMA scheme retains the condition of having time invariant channel or 







































Figure 4-6 The BER performance of the BS-IFDMA system (v=3 km/h) 
































To illustrate the benefits of the proposed interference cancellation methods for 
BS-IFDMA scheme, we consider the uplink transmission of a fixed number of mobile 
stations (MS) simultaneously accessing a single base station (BS). We split the users 
into two mobility groups; one group of low user mobility of 30 km/h and the other of 
high user mobility of 300 km/h for easy illustration on the effects of users’ mobility 
within a system on the average BER performance of a BS-IFDMA system as shown in 
Figure 4-8. The 0/ NEb  is set to be 18 dB. Notice that if all the users in the system 
have low mobility, the BER performance improves with increasing spreading gain Gt. 
However, even if only a small percentage of the users have high mobility, the BER 
performance degrades with increasing Gt. The performance gain due to the increase in 
frequency diversity is not enough to offset the MAI introduced by the block spreading 
in a channel environment with high Doppler spread. From Figure 4-8, we see that the 
gain from increasing Gt from 8 to 16 is limited. Hence, in following simulations, we 
will concentrate on BS-IFDMA system with Gt = 8. We applied the proposed MAI 
cancellation algorithms at the receiver and simulated the BER performance for 
different percentage of high mobility users in the system. As per the previous 
simulation, the users not in the high mobility group are assumed to have a user 
mobility of 30 km/h.  
Figure 4-9 shows the simulated performance of the BS-IFDMA scheme with different 
interference cancellation methods. A conventional IFDMA system is also included for 
comparison. From Figure 4-9, we note that the SMC scheme works well only if the 
system is loaded with small percentage of high mobility users (up to 25%). The reason 






not accurate because of MAI from other high mobility users. On the other hand, the 
HMC scheme retains the performance gain (compared to conventional IFDMA system) 
even if half of all the users have high mobility as all the MAI are taken into account 
during the parallel cancellation stage. Note that no iteration is used for the second 
stage of the proposed HMC scheme. Next we investigate the effect of the number of 
iterations used in stage 2 of the HMC scheme on the performance. 
In Figure 4-10, the performance of the HMC method using 0 to 2 iterations in stage 2 
is shown. We can see that if half or more of the users have high mobility, increasing 
the number of iterations will help to improve the overall system performance. 
















75% @ 30 km/h, 25% @ 300km/h
50% @ 30 km/h, 50% @ 300km/h
25% @ 30 km/h, 75% @ 300km/h
100% @ 300km/h
 



























Figure 4-9 Performance Comparison of interference cancellation methods 
 























4.5 Chapter Summary 
In this chapter, the BS concept has been viewed as providing an additional domain for 
more flexible user allocation in multi-user systems. Block-Spread Interleaved 
Frequency Division Multiple Access (BS-IFDMA) has been formulated to use this 
additional domain to support more users on top of the IFDMA domain. With the 
priority of allocating multiple users in the block spread code domain and then in 
frequency, BS-IFDMA can achieve larger frequency diversity than the conventional 
IFDMA scheme for the same number of users and bandwidth when the channel 
variation across the consecutive blocks is negligible. In addition, we have also 
proposed two MAI cancellation methods for the BS-IFDMA scheme when the 
channel variation across the consecutive blocks is not negligible. The order of 
detection and interference cancellation in the two methods is based on the users’ 
mobility in the system. The SMC scheme, which is the simpler of the two schemes, is 
able to maintain the system performance if the percentage of high mobility users is 
small. If there is significant percentage of high mobility users present in the system, 
the HMC method is more suitable. Simulation results show that the proposed HMC 
scheme can accommodate up to 50% high mobility users before any performance 
degradation occurs. In summary, the proposed BS-IFDMA scheme is a promising 
multiple access scheme for uplink transmission, due to its single carrier properties 
such as low envelop fluctuation and significant performance improvement over the 






5 Two-dimensional Code Spreading 
Interleaved Frequency Division Multiple 
Access (TCS-IFDMA) 
5.1 Introduction 
Recently, variable spreading and chip repetition factor CDMA (VSCRF-CDMA) has 
been proposed as a promising candidate for uplink broadband wireless access [65]. It 
combines IFDMA with CDMA to take advantages of both technologies. Specifically, 
VSCRF-CDMA uses code domain spreading as in CDMA and 
chip-compression-and-repetition (CCR) as in IFDMA. In a multi-cell cellular system, 
VSCRF-CDMA sets chip-repetition factor (CRF), which is the number of users can be 
supported by CCR, to one and it works just like a DS-CDMA system to realize one-cell 
frequency reuse. In a hot-spot system, CRF is set to more than one. Orthogonality 
between users is kept, and hence MAI is minimized by the introduced CCR in the 
hot-spot system as in IFDMA. OCI and MAI issues are crucial in wireless 
communication systems for spectrum utilization efficiency and system capacity. 
Although IFDMA is capable to eliminate MAI using CCR, it cannot handle interference 
from other cells in the same carrier frequency since it is basically an FDMA applying 
spread-spectrum multicarrier transmission. Hence one-cell frequency reuse cannot be 
realized in IFDMA systems. 






systems and code spreading coupled CCR in hot-spot systems. For cellular systems, 
OCI is minimized through using scrambling codes; however, MAI problem within each 
cell remains as in conventional DS-CDMA. For hot-spot systems, OCI is handled by 
cell-specific scrambling codes while MAI is handled by channelization codes and 
IFDMA based CCR. Since CCR is more capable of keeping orthogonality between 
different users than code spreading, CCR spreading is usually having higher priority 
than code spreading to combat MAI.  Furthermore, the code spreading in 
VSCRF-CDMA is in fact a frequency domain spreading, the orthogonality between 
different spreading codes (for both scrambling and channelization codes) is subject to 
frequency selectivity or delay spread of the channel. In a frequency selective wireless 
channel, CSF has to be small enough to keep code orthogonality after passing through 
the channel.  Therefore, VSCRF-CDMA, inherently, has limited OCI suppression 
capability owing to small CSF (cell-specific scrambling codes have the same CSF as 
channelization codes). 
Another cost of IFDMA and VSCRF-CDMA to achieve the aforementioned advantages 
over other multiple access techniques is to allow ISI. To reduce the ISI effect 
significantly, an optimal equalizer based on maximum-likelihood sequence estimation 
(MLSE) has to be employed at the receiver. The MLSE equalizer has higher complexity 
and it increases exponentially with Q factor, which is the number of symbols per block 
transmission in IFDMA or the number of chips after repetition per code chip before 
repetition in VSCRF-CDMA. Since the size of Q is proportional to CSF given chip rate 
after repetition and symbol duration, CSF should be kept small due to the complexity 






In general, IFDMA is incapable of handling OCI and hence one-cell frequency reuse 
cannot be realized in IFDMA systems. VSCRF-CDMA mitigates this problem by 
combining IFDMA with CDMA. However, it has limited OCI suppression capability. 
Furthermore, both IFDMA and VSCRF-CDMA require the complex MLSE detection 
at the receiver. Therefore, there is a need to combat OCI and MAI simultaneously and 
more efficiently, and reduce receiver complexity substantially. 
5.2 Two-dimensional Code Spreading IFDMA 
(TCS-IFDMA) 
Motivated by the block spread concept we discussed in chapter 2, we propose 
two-dimensional code spreading for IFDMA systems (TCS-IFDMA) to combat both 
MAI and OCI more efficiently. At the same time, the receiver complexity is reduced 
significantly. Since TCS-IFDMA is applicable in both cellular system and hot-spot 
system, seamless handover between the two systems will be supported perfectly. 
TCS-IFDMA is similar to VSCRF-CDMA in concept introducing code spreading in an 
IFDMA system. A new dimension – time domain spreading, which is equivalent to the 
block spreading – is incorporated into code spreading on top of frequency domain 
spreading as in a VSCRF-CDMA system. The two dimensional spreading of 
TCS-IFDMA is not a straightforward extension to frequency domain spreading of 
VSCRF-CDMA. Since in VSCRF-CDMA or IFDMA systems, the time domain is not 
readily separated from frequency domain, unlike in multicarrier DS-CDMA systems. It 
is utilizing FFT and FDE at receiver in TCS-IFDMA that allows us to manipulate 






5.2.1 System Model 
Transmitter Structure 
The transmitter structure of the proposed TCS-IFDMA system of a single user is shown 
in Figure 5-1. The basic structure of the proposed system is similar to that of 
VSCRF-CDMA [65] or IFDMA [60]-[62] except the time domain spreading block as 
shown in Figure 5-1 (a). Figure 5-1 (b) shows the transmitted data structure. The 
modulated data symbols [ ]TkDkkk ddd K,, 21=d with length D for the kth user are first 
spread by the frequency domain spreading code [ ]TfkGfkfkfk ccc ,,2,1, ,, K=c  with 
length G in frequency domain as in VSCRF-CDMA systems for the desired user k. The 
chips after frequency domain spreading,  
[ ]TkDfkGkDfkkfkGkfkkfkk dcdcdcdcdc ×××××= ,,11,1,21,1 ,,,,,, LLLLs  can be 
written as: 
fkkk ,cds ⊗=                (5.1) 
with spread chip duration Ts = Td / G, where [ ]TkQkkk sss K,, 21=s , Q = D×G, Td  is the 
duration of each data symbols and “⊗” stands for Kronecker product. It is noted that 
the transmission bandwidth is spread by a factor of G after frequency domain spreading. 
Then the spread chips go through conventional IFDMA transmission blocks including 
compression and repetition block and phase modulation block as shown in Figure 
5-1(a). It should be noted that the spread chips here is referred to data symbols in 
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chips (corresponding to D modulated data, Q = D×G) at a time with the block 
duration Tk = Q×Ts = D×Td.  At the compression and repetition block, the spread 
chips are first compressed L+LΔ times to chip duration Tc = Ts / (L+LΔ), then the 
compressed chips are repeated L+LΔ times with total block duration Tk unchanged. LΔ 
is the redundant compression/repetition times designed to enable coarse time 
synchronization and avoid inter-spread-chips interference. After compression and 





















11 ,,,,a            (5.2) 
where k Ql
k
l sa mod= , QLLl ×+= Δ )(,,2,1 L . 
The chips ka  is then phase modulated through element-wise multiplication with a 
user dependent phase vector [ ]Tk Qkkk ggg ×+ Δ= )L(L21 ,, Kg  of dimension (L+LΔ)×Q 
having components )()1( kljkl eg
φ−−=  (l = 1, …(L+LΔ)×Q). The user dependent phase 
φ(k) for user k is chosen to be 2πk/LQ (the user index k will be dropped hereinafter in 
this thesis for ease of notation). Hence, after phase modulation, the chip block 
[ ]Tk Qkkk bbb ×+ Δ= )L(L21 ,, Kb  can be represented as:  






Note that the phase modulation in IFDMA is unique and different in concept from 
well-known phase modulation such as BPSK and QPSK etc. The element-wise 
multiplication assures user discrimination by assigning to each user a set of subcarriers 
orthogonal to the subcarrier sets of all other users to avoid MAI.   
In this chapter, a new dimension – time domain is introduced in code spreading on top 
of frequency domain spreading. The additional time domain spreading proposed in 










, ,, Kc  with length Gt are placed over consecutive blocks of chips 
to combat MAI as well as OCI more efficiently. It is noted that ft KGK ×=  users in 
total are allocated by way of time domain spreading ( tG ) and IFDMA ( fK ). There 
are tG  sets of orthogonal spreading code available for allocation. fK  users share 
the same spreading code, i.e., ( ) ( )tutk ,, cc =  and ( ) ( ) 1,, =tuHtk cc  if 
tt GuGk modmod = . On contrast, ( ) ( ) 0,, =tuHtk cc  if tt GuGk modmod ≠ , where 
user u uses a different spreading code orthogonal to user k and { }Kuk L,1, ∈ . As 
shown in Figure 5-1(b), each spreading module takes (L+LΔ)×Q chips together from 
output of phase modulation block and will generate a spread matrix of size Gt by 
(L+LΔ)×Q, where Gt is the time domain spreading factor. The spread matrix kx  can 













































bcx       (5.4) 
This spread matrix generated by block spreading module is then converted into serial 
stream of Gt blocks given as  
[ ]TQLLktkgktkgktkgk bcbcgcg ×+ Δ=⋅= )(,,1,,, )()( Lbx       (5.5) 
with each of size (L+LΔ)×Q chips. This procedure will make sure a necessary condition 
for the time spreading - the chips (after time domain spreading) corresponding to the 
same chips before time domain spreading are positioned in consecutive Gt big blocks 
(i.e. row by row placement). The Gt big block data are transmitted through wireless 
channel after pulse shaping and RF conversion, which is not shown in the figure. It 
should be noted that, an interleaver (which is also not shown in the figure) may be 
optionally added right after phase modulation block to randomize signal chips to 
increase the system frequency domain diversity. 
Receiver Structure 
The receiver structure of the proposed system is shown in Figure 5-2. The received 
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Toeplitz matrix for the gth block with first row given as: )]1()1(0)0([ kkk hPhh LLL −  
where P is the number of paths, )(gn  is AWGN vector during the thg  block period. 
)(' gkx  is a version of )(gkx  after removing CP, with each of size L×Q chips.  
 
Figure 5-2 Receiver Block diagram for the TCS-IFDMA scheme 
The block despreading operation takes in the tG  blocks of chips and stack them 
block-by-block to construct LQGt ×  matrix TtG )]()1([ rrr L=  as discussed in 
Figure 5-1. Block despreading operation is performed by multiplying each row with the 
corresponding spreading code of user u , tu,c , and summing all the rows together.  
 
 
Figure 5-3 Details of time domain despreading procedure 
 
The result is given as: 
channel 
convolution 
Before despreading Despreading 
… …
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nxhy        (5.7) 
Assuming )()( gg kkk hhh Δ+= , where kh  represents the mean of the channel 
taken over tG  chips and )(g
khΔ  represents the variation of the channel over tG  
chips, the output of the block despreading for user u  after substituting )(' gkx  can 
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n              (5.8) 
Where }modmod|{ ttu GuGkk ==Ω  and k'b  is a version of kb  after removing 
CP with each size of L×Q chips. There are fK  users allocated in IFDMA domain in 
uΩ , sharing the same spreading code. There are only tG  distinct spreading codes 












 only when }modmod|{ ttu GuGkk ==Ω  and 0 
elsewhere. It is seen that the first item is the desired signal for user u and the second 
item is MAI, the third item is the AWGN noise.  
Assuming the channel remains constant for each time domain despreading module, the 
resulting output of time domain despreading can be re-written from equation (5.7) for 






















Note that there will be an optional deinterleaver (not shown in Figure 5-2) after time 
domain despreading module if an optional interleaver is employed at the transmitter. 
The time-domain despread chips are then fed to phase demodulation module. Similar to 
IFDMA receiver in [60]-[62] or VSCRF receiver in [63], the Q demodulated chips are 
passed to FFT module with FFT size Q after phase demodulation. The FFT output is 
then passed to the frequency-domain equalization module. Therefore, simple one-tap 
equalization is available to provide robust estimate of su, i.e. suq (q = 1…Q). After IFFT 
module, it is then fed to frequency domain despreading module, where each G-chip 
sub-block of the input is multiplied with frequency domain spreading code cu,f 
element-wise and summed up to produce detection of transmitted symbols. After the 
frequency domain despreading, MAI and OCI are suppressed further by a factor of G. 
Finally the detected symbol is passed to standard decoder, which is not considered 
within the scope of this thesis. 
5.2.2 Two-dimensional Code Spreading for TCS-IFDMA 
system 
In IFDMA or VSCRF systems, after compression and repetition, the transmission 
bandwidth is spread further by a factor of L compared to the frequency domain 






subcarriers equally distributed within the whole transmission bandwidth and (L+LΔ) 
zeros in between due to the repetition. It is notable that the total bandwidth spread is 
now (L+LΔ)×G. In other words, (L+LΔ) is reciprocal to G given total bandwidth. 
Generally, the larger G the more capability the IFDMA based system can suppress OCI, 
since it is the frequency domain spreading factor of cell-specific scrambling codes. On 
the other hand, the larger (L+LΔ) the more capability the IFDMA based system can 
suppress MAI, since it is a measure of “distance” (or number of zeros) between different 
users subcarriers [60]. In IFDMA, G = 1, and hence it cannot handle interference from 
other cells in the same carrier frequency (therefore one-cell frequency reuse cannot be 
realized in IFDMA). In VSCRF-CDMA, G and L can be carefully selected to combat 
OCI and MAI at the same time. However, due to their reciprocal relationship, there is 
always a trade-off between suppression of OCI and MAI.  
In this chapter, a new dimension – time domain is introduced in code spreading on top of 
frequency domain spreading. Time domain spreading is generally more capable of 
keeping codes orthogonality in a frequency selective wireless channel where variations 
are usually negligible in time domain for the duration of one or few IFDMA symbols 
comparing with frequency domain variations. Combined with frequency domain 
spreading, TCS-IFDMA will combat fading channel more efficiently, since code 
spreading factor in time and frequency domains may be adjusted according to channel 
statistical conditions like Doppler spread (or user mobility) and delay spread (frequency 
selectivity). With the additional time domain channelization codes combined with CCR, 
TCS-IFDMA has more power and flexibility to combat MAI or accommodate more 






complexity increase at compared with IFDMA/VSCRF-CDMA receiver because of 
frequency domain equalizers employed.  
Comparing with frequency domain variations, channel variations are negligible in time 
domain for the duration of one spreading block (which is of the order of microseconds) 
and hence the code orthogonality for time domain spreading for high rate systems is 
maintained. It also implied that the inter-code interference is smaller in time domain 
spreading, which is advantageous for MAI and OCI suppression. It should be noted that 
the time domain spreading (or two-dimensional spreading) is employed in 
channelization to combat MAI as well as cell specifying to combat OCI. 
5.2.3 Performance Analysis 
After the time domain despreading, the system becomes IFDMA or VSCRF. Similar 
to IFDMA and VSCRF receivers in [60][65], the data of individual users are totally 
separated and hence we can treat each user equalization and demodulation 
independently after phase demodulation. We first analyze the BER performance of 
individual user and then obtain the system performance by averaging the performance 
of all users in the system. 
We consider the use of linear chip-level frequency domain equalization in this paper 
and consider the equalization and demodulation of a single user. Considering a 
particular user v in uΩ , the Q chips are passed to FFT module of size Q after the phase 
demodulation. The frequency domain data after FFT can be written as  






where QW is the IFFT matrix of size Q, ),,( ,2,1, Qvvv
H
QvQv HHHdiag K== WhWH  
and η  represents the AWGN noise.  
The performance of TCS-IFDMA scheme using chip-level linear MMSE detectors is 
investigated here. Minimizing 2vvvE sGηsGH −+ , the equalizer is given by [47]: 
1)( −+= ηRHHRHRG HSHSmmse            (5.11) 
with [ ] NSHvvE Iss 2σ= , [ ] NHE Iηη 2ησ=   
The signal to interference and noise ratio (SINR) for each chip at the output of the 


















σσγ η . 
Using a Gaussian approximation for the interference, the QPSK BER performance for 
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P                (5.13) 
Obviously, it is seen that the system performance depends on the variable vγ  with a 
larger vγ  implying a better BER performance. The optimum probability of 







5.3 Simulation Results and Discussions 
In this section, the performance of the proposed TCS-IFDMA system has been 
simulated to verify the analytical results with the simulation parameters summarized 
in Table 5-1. The system supports a maximum of 64 users. Perfect synchronization 
and channel estimation are assumed for an uncoded system in the simulation. 
Table 5-1 Simulation parameters for TCS-IFDMA 
Carrier Frequency 5 GHz 
Bandwidth 40 MHz 
Block size (M) 256 samples  6.4 µs 
CP length 64 samples 1.6 µs 
Spreading factor in the frequency 
domain (G) 
2, 4 
Spreading factor in the time domain (Gt) ≤ 16 
Maximum supported users 64 
Packet length 20480 samples  512 µs 
Modulation QPSK/16QAM 
Equalization  scheme MMSE 
Channel model R. M. S delay spread=0.36 µs 
User mobility (km/h) 3, 60, 120 
 
Figure 5-4 shows the analytical performance of the proposed TCS-IFDMA scheme 
with the simulated results for QPSK when the users’ mobility is V=3 km/h. The 
frequency domain spreading factor G=2 and the time domain spreading factor Gt 
varies from 1 to 16. When Gt=1, the proposed TCS-IFDMA scheme becomes the 
VSCRF-CDMA scheme. MMSE is used because it offers a better compromise 






are in line with the analytical results, indicating the accuracy of our performance 
analysis. The performance of the proposed scheme is improved when Gt increases 
because more subcarriers can be assigned for each user (in the VSCRF-CDMA scheme, 
a higher value of Ui means that we can only accommodate a smaller number of 
subcarrier for each user, for a given block length N) when multiple users are allocated 
in the time domain spreading process, leading to a larger frequency diversity effects. 
However, when Gt reaches 16, the improvement is almost saturated. It is also observed 
that the performance improvement for Gt varying from 1 to 4 is larger than the one for 
Gt varying from 4 to 16. 






























Figure 5-4 The BER performance of the TCS-IFDMA scheme (G=2, V=3 km/h, QPSK) 
Figure 5-5 shows the BER performance comparison among TCS-IFDMA, 
TLS-CDMA and CP-CDMA for when the users’ mobility is V=3 km/h. Similar to 






number of active users changes. TCS-IFDMA also adapts the spreading (Gt, Ui, G) 
according to the number of active number of users. It is observed that TCS-IFDMA 
has almost the same performance as TLS-CDMA. This is because when the mobility 
is low, multiple users are all allocated to time domain spreading dimension since the 
code orthogonaility is easily maintained as the channel variation across the 
consecutive blocks is negligible. As such, TCS-IFDMA becomes TLS-CDMA 
because Ui=1. In other word, TLS-CDMA is a special case of TCS-IFDMA. On the 
other hand, both TCS-IFDMA and TLS-CDMA outperform CP-CDMA because MAI 
is very severe for CP-CDMA when number of active users is large.  




















Figure 5-5 The BER performance comparison among TCS-IFDMA, TLS-CDMA and CP-CDMA 
(V=3 km/h) 






TLS-CDMA and CP-CDMA when the users’ mobility is V=60 km/h. Differently, due 
to higher users’ mobility, the code orthogonality of time domain spreading is not 
maintained as the channel variation across the consecutive blocks is not negligible. 
For TCS-IFDMA, there is an additional dimension to allocate multiple users 
compared to TLS-CDMA. Specifically, Gt is increased up to 4 when the number of 
active users is larger than 4. The rest of users are allocated in IFDMA domain, i.e., Ui. 
It is observed that TCS-IFDMA outperforms TLS-CDMA when the number of active 
users is large. This is because multi-user orthogonality is maintained in both time 
domain spreading dimension as well as IFDMA domain. This is the advantage of 
TCS-IFDMA over TLS-CDMA.   





























Similarly, Figure 5-7 shows the BER performance comparison among TCS-IFDMA, 
TLS-CDMA and CP-CDMA for the mobility of V=120 km/h. Due to the high mobility, 
the spreading factor in the time domain spreading for TCS-IFDMA cannot be too 
large. When users’ mobility is 120 km/h, it is set to be 2. As such, the rest of users are 
allocated in IFDMA domain to maintain the multi-user orthogonality. However, for 
TLS-CDMA, the 2nd layer spreading is the only domain for multi-user allocation. 
Therefore, it is incapable of keeping the code orthogonaility for high mobility, 
degrading performance when the number of active users is large. It is observed that 
the improvement of TCS-IFDMA over TLS-CDMA is larger for V=120 km/h. When 
users’ mobility is above 120 km/h, TCS-IFDMA becomes VSCRF-CDMA by setting 
Gt=1. This concludes that TCS-IFDMA has the flexibility to work well over the 
mobile wireless channel with both low and high mobility. 



























5.4 Chapter Summary 
In this chapter, a Two-dimensional Code Spreading Interleaved Frequency Division 
Multiple Access (TCS-IFDMA) scheme has been proposed to combat both MAI and 
OCI more efficiently. The two-dimensional code spreading of TCS-IFDMA is not a 
straightforward extension to frequency domain spreading of VSCRF-CDMA. The 
time domain spreading which is equivalent to the block spreading is incorporated into 
code spreading on top of the frequency domain spreading as in VSCRF-CDMA system 
to provide an additional dimension for multi-user allocation. The analytical and 
simulated results show that the proposed TCS-IFDMA scheme enhances the 
VSCRF-CDMA scheme significantly by allocating more users in the time domain 
spreading. It can be considered as a promising candidate for future broadband wireless 
packet access to achieve seamless handover between the cellular system and hot-spot 






6 Multi-band UWB Scheme: A New Air 
Interface Over Ultra-Wide Spectrum 
6.1 Introduction 
The vision of wireless systems beyond third generation (B3G) will enable connectivity 
for “everybody and everything at any place and any time.” This ambitious view 
assumes that the new wireless world will be the result of a comprehensive integration of 
existing and future wireless systems, including wide area networks (WANs), wireless 
local area networks (WLANs), wireless personal area and body area networks (WPANs 
and WBANs), as well as ad hoc and home area networks that link devices as diverse as 
portable and fixed appliances, personal computers, and entertainment equipment. A 
key driver in this imminent transition from third- to fourth-generation radio systems, 
where heterogeneous environments are expected to prevail eventually, is the steep 
growth in both demand and deployment of very high data rate transmission (up to Gbps) 
in a hot-spot environment over short range. The emerging Ultra-wideband (UWB) 
technology has the potential to provide solutions for such integration into the wireless 
wide-area infrastructure in the areas of spectrum management and radio system 
engineering [31]. The approach employed by UWB radio technology is based on 
sharing already occupied spectrum resources by means of the overlay principle with 
ultra-wide spectrum manner, rather than looking for still available but possibly 
unsuitable new bands. This novel radio technology has recently received legal adoption 






this status in Asia such as Japan, Korea, China and Singapore are underway. It is 
widely anticipated that UWB technology will have a sizable impact on the 
multimedia-driven home networking and entertainment market, and will allow 
implementation of intelligent networks and devices enabling a truly pervasive and 
user-centric wireless world. 
Historically, the concept of UWB was developed in the early of 1960s through 
research in time-domain electromagnetic [68]. In the late 1960s, the impulse 
measurement techniques were applied to the design of wideband antenna elements, 
leading to the development of short pulse radar and communications systems. Through 
the late 1980s, UWB was referred to as baseband, carrier-free, or impulse technology. 
The term ultra-wideband was first coined in approximately 1989 by the US Department 
of Defense. By 1989, UWB theory, techniques and many implementation approaches 
had been developed for a wide range of applications such as radar, communications, 
automobile collision avoidance, positioning systems, liquid level sensing and altimetry. 
However, much of the early work in the UWB field occurred in the military or funded 
by the US Government under classified programs. In late 1990s, UWB technology 
became more commercialized and the development of UWB technology has greatly 
accelerated. A substantial change in UWB history occurred in February 2002 when the 
federal communications commission (FCC) issued UWB rulings that provided the first 
radiation limitations for UWB transmission, and also permitted the operation of UWB 
devices on an unlicensed basis [66]. According to the FCC rulings, UWB is defined as 
any transmission scheme that occupies a fractional bandwidth of greater than 0.2, or a 






where LH ffB −=  represents the -10 dB bandwidth and 2/)( LHc fff +=  
denotes the center frequency. Here, Hf and Lf  are the upper frequency and the lower 
frequency, respectively, measured at -10 dB below the peak emission point. Based on 
[66], UWB systems with >cf 2.5 GHz need to have a -10 dB bandwidth of at least 500 
MHz, whereas UWB systems with <cf  2.5 GHz need to have fractional bandwidth of 
at least 0.2. The FCC has mandated that UWB radio transmission can legally operate in 
the range from 3.1 GHz to 10.6 GHz, with the power spectral density (PSD) satisfied a 
specific spectral mask assigned by FCC. In particular, Figure 6-1 illustrates the UWB 
spectral mask for indoor communications under Part 15 of the FCC's rules [66]. 
According to the spectral mask, the PSD of UWB signal measured in 1 MHz bandwidth 
must not exceed -41.3 dBm, which complies with the Part 15 general emission limits to 
successfully control radio interference. For particularly sensitive bands, such as the 
global positioning system (GPS) band (0.96 - 1.61 GHz), the PSD limit is much lower. 
As depicted in Figure 6-2, such ruling allows the UWB devices to overlay existing 
narrowband systems, while ensuring sufficient attenuation to limit adjacent channel 
interference. Although only the US permits operation of UWB devices currently, 
regulatory efforts are under way in many countries, especially in Europe and Japan and 
Figure 6-3 illustrates the UWB spectral mask for Europe and Japan indoor 
communication systems (worldwide). Other countries like Korea and China will more 
or less follow Europe and Japan’s mask.  
Due to the ultra wideband nature, UWB radios come with unique benefits that have 
been attractive for the radar and communications applications. The key advantages of 






 Potential for high data rates 
 Extensive multipath diversity 
 Potential small size and processing power along with low equipment cost 
High precision ranging and localization at the centimeter level 
 
Figure 6-1 UWB spectral mask for US (FCC) indoor communications systems 
 
   
Figure 6-2 Spectrum of UWB and existing narrowband systems 
 
The extremely large bandwidth occupied by UWB gives the potential of very high 











SBC 1log               (6.1) 
where C is the maximum channel capacity, B is the signal bandwidth, S is the signal 
power, and N is the noise power. The Shannon's equation shows that the capacity can be 
improve by increasing the signal bandwidth or by increasing the signal power. 
Moreover, it shows that increasing channel capacity requires linear increases in 
bandwidth while similar channel capacity increases would require exponential 
increases in power. Thus, from Shannon's equation we can see that UWB system has a 
great potential for high speed wireless communications. 
 
Figure 6-3 UWB spectral mask for worldwide indoor communications systems 
UWB technology can enable a wide variety of applications in wireless communications, 
networking, radar imaging, and localization systems. For wireless communications, the 
use of UWB technology under the FCC guidelines [66] offers significant potential for 







the deployment of two basic communications systems: 
 High data rate short range communications - high data rate wireless personal area 
networks 
 Low data rate and location tracking - sensor, positioning, and identification 
networks 
The high data rate WPANs can be defined as networks with a medium density of active 
devices per room (5-10) transmitting at the data rates ranging from 100 Mbps to 500 
Mbps within a distance of 20 m. The ultra wide bandwidth of UWB enables various 
WPAN applications such as high-speed wireless universal serial bus (WUSB) 
connectivity for personal computers (PCs) and PC peripherals, high-quality real-time 
video and audio transmission, file exchange among storage systems, and cable 
replacement for home entertainment systems. IEEE 802.15.3 standard task group has 
established the 802.15.3a study group [71] to define a new physical layer concept for 
high data rate WPAN applications. The goal for the IEEE 802.15.3a standard is to 
provide a higher speed physical layer for the existing approved 802.15.3 standard for 
applications which involve imaging and multimedia. The work of the 802.15.3a study 
group also includes standardizing the channel model to be used for UWB system 
evaluation [72] [73]. There are two competing technology debating in the standard: 
DS-UWB and Multi-band OFDM [74]-[77].The major efforts of Multi-band OFDM 
lead to current WiMedia Alliance activities for the de-facto standard for high rate 
WPANs in the market [78].  






transmission range. Under the low rate operation mode, UWB technology could be 
beneficial and potentially used in sensor, positioning, and identification net-works. A 
sensor network comprises a large number of nodes spread over a geographical area to 
be monitored. Depending on specific application, the sensor nodes can be static or 
mobile. Key requirements for sensor networks operating in challenging environments 
include low-cost, low-power and multi-functionality. With its unique properties of low 
complexity, low cost, low power, UWB technology is well suited to sensor network 
applications. Moreover, due to the fine time resolution of UWB signal, UWB based 
sensing has the potential to improve the resolution of conventional proximity and 
motion sensors. The low rate transmission combined with accurate location tracking 
capabilities offers an operational mode also known as low data rate and location 
tracking. IEEE established the 802.15.4 study group to define a new physical layer 
concept for low data rate applications utilizing UWB technology at the air interface 
[79]. The study group addresses new applications which require only moderate data 
throughput, but require long battery life such as low-rate wireless personal area 
networks, sensors and small networks [80]. 
The FCC has regulated spectrum and transmitted power levels for UWB, various pulse 
generation techniques have been proposed to use the 7.5 GHz license-free UWB 
spectrum. Generally, UWB transmission approaches can be categorized into two main 
approaches, namely single-band and multiband approaches. Figure 6-4 illustrates the 
UWB signals in time-domain and frequency domains when single-band and multiband 








Figure 6-4 UWB transmission approaches: single band and multi-band approaches 
A traditional UWB technology is based on single-band systems employing carrier-free 
or impulse radio communications [69]. Impulse radio refers to the generation of a series 
of impulse-like waveforms, each with duration in the order of hundreds of pico-seconds. 
Each pulse occupies a several gigahertz bandwidth that must adhere to the spectral 
mask requirements. The information is directly modulated into the sequence of pulses. 
Typically, one pulse carries the information for one bit. Data could be modulated using 
either pulse amplitude modulation (PAM) or pulse position modulation (PPM) [81]. 
Multiple users can be supported via the use of time hopping or direct sequence 
spreading approaches [82]. This type of transmission does not require the use of 
additional carrier modulation as the pulse will propagate well in the radio channel. The 
technique is therefore a baseband signal approach. However, the single band system 
faces a challenging problem in building RF and analog circuits, and in designing a low 
complexity receiver that can capture sufficient multipath energy. Recently, multiband 
approaches were proposed in [83]. Instead of using the entire UWB frequency band to 
transmit information, multiband technique divides the UWB frequency band from 3.1 
GHz to 10.6 GHz into several smaller bands, referred to as subbands. Each subband 






By interleaving the transmitted symbols across subbands, multiband approaches can 
still maintain the transmitted power as if the large GHz bandwidth is utilized. The 
advantage is that multiband approaches allow the information to be processed over a 
much smaller bandwidth, thereby reducing overall design complexity as well as 
improving spectral flexibility and worldwide compliance. 
There are many trade-offs in the UWB approaches described above. The single-band 
approach benefits from a coding-gain achieved through the use of time hopping (TH) or 
direct sequence (DS) spreading, exploits the Shannon's principals to a greater degree 
than the multiband approach, has greater precision for position location, and realizes 
better spectrum efficiency. However, it has less flexibility with regard to worldwide 
spectral regulation and may be too broadband if some countries choose to limit their 
UWB spectral allocations to smaller ranges than authorized by the FCC. On the other 
hand, the multiband approach has the main advantage on the ability for more 
fine-grained control of the transmit PSD so as to maximize the average transmitted 
power while meeting the spectral mask. It allows for peaceful coexistence with flexible 
spectral coverage and is easier to adapt to different worldwide regulatory environments. 
Moreover, processing over smaller bandwidth eases the requirement on 
analog-to-digital converter sampling rates and, consequently, facilitates greater digital 
processing. Furthermore, there are two different ways to implement multi-band 
approaches, multi-band pulse scheme and multi-band OFDM scheme. Due to the 
increased length of the OFDM symbol period, the modulation method can successfully 
reduce the effects of ISI. Nevertheless, this robust multipath tolerance comes at the 






and tighter linear constraint on amplifying circuit elements. On the other hand, 
multi-band pulse UWB scheme is the trade off between robustness against multipath 
and increased transceiver complexity. Moreover, it is more scalable as it can be made 
adaptive to the channel conditions.  
6.2 Multi-band UWB Scheme using Over-sampling 
Multi-channel Equalization 
Multi-band UWB is one of its possible implementations. The available spectrum is 
divided into multiple sub-bands; the bands that are susceptible to existing narrowband 
interference are turned off. Multi-band UWB is scalable as it can be made adaptive to 
the channel conditions [83]. The received UWB signals contain a significant number of 
resolvable multipath components [70], and RAKE receivers are often used to capture 
this multipath energy [84][85]. The RAKE receiver is relatively simple to implement, 
but the large delay spread of the UWB channel causes ISI, limiting its effectiveness. To 
harness the rich multipath diversity available in an UWB channel and mitigate ISI, in 
this chapter, we propose an over-sampling multi-channel equalizer per sub-band for 
multi-band UWB system and compare its performance with conventional RAKE 
receiver when operating in practical UWB channel models. Three transmission modes 
have been considered, and ISI is found to be inherent to certain transmission modes 
due to the large UWB channel delay spreads. Through detailed analytical and 
simulation studies, the proposed over-sampled MMSE equalizer is shown to be able to 
handle ISI under any channel conditions or transmission modes, with an acceptable 






over-sampling scheme, for output SNR improvement. Over-sampling is done in the 
expense of an increase in system complexity. 
The structure of the proposed multi-band UWB transceiver is shown in Figure 6-5. 
Each sub-band is allocated a certain timeslot where data is sent. We have turned off one 
sub-band for coexistence with WLAN standard IEEE 802.11a, and hence the number of 
bands NB = 6. Coding is not considered. The standard UWB channels models (CMs) 
presented in [72] [73] is considered with varying delay spread under different CMs, 
causing ISI in different degrees. ISI is partially addressed by multi-band UWB by 
having a relatively long pulse repetition interval (PRI) TPRI on each band, and a high 
overall data rate is achieved with transmission over NB sub-bands. In this chapter, 3 
modes of data transmission have been considered. Each mode has a different PRI and a 
corresponding sampling frequency fs, and hence different ISI immunity and data rate. 
The signal pulse width Tw is set to be 3.25 ns for all transmission modes, but each mode 
has different effective pulse width Tw’, defined as Tw’=TPRI/NB. The over-sampling 
factor N is related to effective pulse width and sampling frequency by N= Tw’ fs. Figure 
6-6 shows a 6-band UWB system with various transmission pulse rates. Transmission 
Mode A is able to support the highest data rate, but has lowest immunity against ISI due 
to the short PRI. Mode B supports moderate data rate while Mode C gives the lowest 
data rate but the best ISI immunity. The 10 dB maximum delay spread τmax for each 
CM, defined as the time delay in the multipath impulse profile that falls 10 dB below the 
maximum power, was found through simulation of the average power delay profile of 
100 UWB channels as described in [73]. The extent of ISI suffered by each sub-band 
















          (6.2) 
where ceil is the ceiling function. NISI refers to the number of future signal pulses that 
suffers from ISI, due to delay spread of the present pulse. These parameters are 
recorded in Table 6-1. Note that the system has the flexibility to scale the data rate up 
to 1.8 Gbps by reducing the number sub-bands. This is similar to what we have 
discussed in Table 6-1 except for the difference that the system needs to work on 
CM1 in order to achieve the highest data rate. The detailed study has not been 
presented in this chapter.  
Maximum ratio combining (MRC) is applied at each RAKE finger. Treating each 
sub-band as a separate channel, we can apply the results from [84] to the multi-channel 
RAKE receiver, combining multipath signals from each band using partial RAKE with 
4 fingers. Figure 7-5 also shows the block diagram for the proposed over-sampling 
multi-channel equalizer. With each sub-band over-sampled N times, a diversity of order 
N can be obtained. At the receiver, the over-sampled data stream is converted to N 
parallel streams. These parallel streams go through an adaptive MMSE equalizer for 
channel equalization. Each equalizer takes in the N samples within each pulse repetition 
interval, and combines with an N-tap adaptive multi-channel MMSE equalizer. The 
following section presents a detailed performance analysis of the over-sampled 
multi-channel using MMSE receiver and conventional RAKE receiver for an uncoded 













Figure 6-5 Transceiver structure of multi-band UWB system, with the detailed structure of the 








































































































Figure 6-6 Transmission modes A, B and C 
 
Table 6-1 Salient parameters of the proposed transmission modes 
 
 PRI per band, data rate and sampling rate for 
various modes at Tw=3.25ns 
Number of pulses under the influence of 
ISI (NISI) for the 3 transmission modes in 
various CMs 

























Mode A 19.5ns 3.25ns 308 Mbps 1232 MHz 0 2 3 4 
Mode B 39.0ns 6.50ns 154 Mbps 616 MHz 0 0 2 2 
Mode C 78.0ns 13.0ns 77 Mbps 308 MHz 0 0 0 0 
 





PRIm mTtpbPts )()(            (6.3) 
where p(t) is the normalized pulse shaping function. TPRI is the PRI as listed in Table 
Mode A
Band 1 2 3 4 5 6 1 2 3 4 5 6 
Mode B
Band 1  2  3 4 5 6  
Sampling instance 
Mode C 









6-1, P is the transmitted power, and bm is the normalized data symbols. From [73], the 








)()( τδ               (6.4) 
where hk is the multipath channel coefficients with log normal shadowing and τk is the 
multipath delay. Noting that beyond a delay of τmax the channel can be considered as to 
have faded completely, the number of samples K = τmax fs. The number of samples N0 
within each PRI is 
NNNTN BB
'
w0 === ssPRI ffT           (6.5) 
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In (6.6), the channel responses from p=1 to NISI contributes to ISI, as the delay spread 
spills into the next symbol period. The received signal u(t) can be obtained by 


















++ τ    (6.7) 
where n(t) is the AWGN with a two sided spectral density of 
2
0η .  The expression for 
the jth symbol yj after match-filtering of u(t) is 
where,][ 1,1,0, 0
T
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   (6.10) 
With NB=6 bands, the receiver only “sees” the UWB channel at each switched instance. 
Therefore out of a total of N0 multipath components, only N0/NB = N components are 
going to affect the receiver performance, recalling that N is the over-sampling factor. 




























































































































ISI MML hhh      (6.11) 
In (6.11) we have used hp=[h’0+pN h’1+pN … h’(N-1)+pN] T, ŷj=[yj,0 yj,1 … yj,N-1]T. 
7.2.1 Conventional RAKE Receiver 
Collecting multipath components hk by RAKE operations with taps denoted by c, the 










































0        (6.12) 
in which nj=[nj,0 nj,1 … nj,N-1]T and c=[c0,c2, … cN-1]T.  
Assuming that all data symbols bm are independent, and ISI to be approximately 
Gaussian for simplification as assumed in [85], the BER of a multi-band UWB 
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7.2.2 Proposed over-sampling multi-channel equalizer 
using MMSE receiver 
The received jth symbol for a MMSE equalizer also takes the form of (6.12), with the 
definition of the desired signal, ISI and noise terms unchanged as that of a RAKE 
receiver. The BER expression, the calculations of the various energies described in 
(6.13)-(6.16) for RAKE receiver are applicable also to the MMSE case, according to 
[86]. 
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From [86] the solution to (6.17) is  
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In (6.20), ( )
ISIN
hhhH L10=  and IN is an identity matrix of size N. 
7.2.3 Tap Weights for both cases when NISI=0 
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   (6.23) 
Equation (6.23) verifies that the tap weight c in (6.22) is indeed MRC. With a higher 
over-sampling factor N, from (6.23) the output SNR γ is going to be increased. In 
reality, γ could be less than that calculated in (6.23) due to the correlation among the 
received over-sampled signals.  
For over-sampling multi-channel using MMSE solution, we make use of (6.18)-(6.20), 
noting that the channel response is 0hH = when NISI=0.  From (6.20)  
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equalization also maximizes the output SNR similar to that of RAKE, as given by 
(6.23). 
7.2.4 Tap weights for both cases when NISI≠0 
The RAKE receiver makes no provision for ISI and it continues to maximize output 
SNR according to MRC, therefore the tap weights c are still given by (6.22). For the 




























































   (6.27) 
The MMSE taps weights for NISI≠0 can only be found by computing the inverse in 
(6.27), since it cannot be further simplified.  
For RAKE receiver with over-sampling, the computational complexity is in the order of 
O(N), since from (6.12) a N times over-sampled system requires N complex 
multiplications. For MMSE, the inverse term of (6.27) causes the computational 
complexity to be O(N3) [88]. With a higher over-sampling rate N, the order of multipath 
diversity improves. The trade-off of a higher N is an increased system complexity. 
6.3 Simulation Results and Discussions 






studies on BER performance in a multi-band UWB environment, with 4 times 
over-sampling on each band. The simulations were conducted in the various 
transmission modes and CMs, with data rates and PRIs as shown in Table 6-1. The only 
data distorting processes were ISI and AWGN. Both multi-channel RAKE and MMSE 
receivers employed a 4-tap structure, assuming perfect acquisition and channel 
estimation.   
Figure 6-7 shows the performance of the various modes under CM4. CM4 was chosen 
because from Table 6-1, this CM encompassed all ISI scenarios – extreme ISI in Mode 
A, moderate ISI in Mode B, and zero ISI in Mode C. In Mode C there was no difference 
between the performances of the two receivers, because NISI=0. The performances of 
the other 2 modes were worse than Mode C, due to the relatively long delay spread. 
RAKE receiver plot showed an asymptote at BER = 2 x 10-3 and BER = 3 x 10-2 in Mode 
B (NISI=2) and Mode A (NISI=4) respectively. No error floors were observed for the 
over-sampling MMSE equalizers, which outperformed RAKE at all SNRs for NISI≠0. 
To verify the expressions in (6.13)-(6.16), we have also produced the analysis curves 
for RAKE (Figure 6-1) and MMSE (Figure 6-8) against the simulated curves in CM4, 
based on an analytical approach similar to that used in [85]. In both figures, the 
simulated curves concurred with the analytical counterparts, in both ISI-corrupted and 
ISI-free cases, validating the analysis presented in previous section. This agreement 








Figure 6-7. RAKE vs MMSE in CM4 
 







Figure 6-9 Comparison between analytical and simulated results for MMSE receiver in CM4 
6.4 Chapter Summary 
This chapter compares different receiver options for a high data rate multi-band UWB 
system to improve the system performance. With multi-band UWB, a high data rate is 
possible with a long pulse repetition interval (PRI), but ISI is still present for some 
transmission modes due to the long delay spread of the UWB channels. The BER 
performance analysis of the proposed over-sampled multi-band UWB system is 
analyzed and verified using extensive computer simulations for various channel 
conditions. The proposed over-sampled MMSE equalizer is able to handle ISI under 
any channel conditions or transmission modes. The merit of the over-sampling 






order N can be obtained by N times over-sampling. Output SNR improves with higher 
over-sampling factor, in the expense of a higher computational complexity. In 
conclusion, the proposed scheme is capable to handle ISI and harness the rich 
multipath diversity under any channel conditions, achieving high data rate at low cost 






7 Conclusions and Future Research 
7.1 Conclusions 
In this thesis, we have investigated various means to cope with the design challenge 
for future broadband wireless packet access.  
We proposed a new concept of using block spread (BS) to deal with multi-user 
interference for high speed transmission. This achieves near single user performance 
without complex multi-user detection (MUD) techniques. The code orthogonality 
among BS can be maintained when the channel variation across the consecutive blocks 
is negligible. This BS concept can be applied to new research areas on the design of the 
broadband wireless packet access air interface. Specifically, a block spreading CDMA 
(BS-CDMA) scheme has been proposed to combat MAI for uplink transmission, 
giving rise to a significant improved multi-user performance without using complex 
MUD techniques over a broadband wireless channel. The block despreading is 
performed before equalization at the receiver, reducing the frequency domain 
processing to a symbol-wise with significant power saving. A cell-specific scrambling 
code to suppress OCI effectively is proposed for uplink transmission in a multi-cell 
system. The simulated results validate the theoretical BER analysis and show that its 
multi-user performance approaches the single user performance when the channel is 
time-invariant. In comparison, the proposed BS-CDMA scheme achieves the best 
multi-user performance among the existing schemes such as DS-CDMA and 






methods based on users’ mobility have been proposed to enhance its performance 
significantly when the channel variation across the consecutive blocks is not 
negligible. 
Extending the BS-CDMA scheme to a two-layer spreading CDMA (TLS-CDMA) 
scheme, a two-layer spreading with an additional two-layer cell-specific scrambling 
has been investigated to tackle OCI and MAI more effectively for uplink transmission 
in a multi-cell system. With the flexible adaptation of the two-layer spreading factors, 
the TLS-CDMA scheme is capable of supporting variable data rates among multiple 
users according to the cell structure, channel conditions and the number of active users. 
Combined with the additional two-layer cell-specific scrambling, the TLS-CDMA 
scheme can achieve one cell frequency reuse because the larger spreading factor offers 
better OCI suppression in a multi-cell system. The two layer code generation enables 
the flexible and independent selection of spreading codes for different layer spreading: 
the 1st layer spreading is used for better OCI suppression while the 2nd layer spreading 
is prioritized for multi-user allocation. With analytical and simulation results showing 
its superiority, the TLS-CDMA scheme is capable of combating MAI and OCI more 
effectively than the BS-CDMA scheme in a multi-cell system. Specifically, in a 
hot-spot system where OCI is almost negligible, BS-CDMA is superior to support 
more users because of its capability to combat MAI (in this case, the 1st layer 
spreading factor becomes one for TLS-CDMA). However, in a multi-cell environment 
where OCI is significant, TLS-CDMA is superior to BS-CDMA due to its better OCI 
suppression capability. TLS-CDMA is superior to BS-CDMA in broadband wireless 






hot spot environment using the same air interface by changing the two-layer spreading 
factors. In addition, compared to BS-CDMA, TLS-CDMA has more flexible 
accommodation of the lower data rate with higher-quality transmission by utilizing 
the frequency diversity effect in the 1st layer spreading.  
Furthermore, the BS concept has been viewed as providing an additional domain for 
more flexible user allocation in multi-user systems. In particular, a block-spread 
interleaved frequency division multiple access (BS-IFDMA) has been formulated to 
achieve significant performance improvement over the conventional IFDMA system, 
by allocating multiple users in the additional block-level code spreading process on 
top of the IFDMA domain over time invariant channel. This is because the same 
number of supported users and bandwidth, more subcarriers can be allocated for 
individual user in the frequency domain compared to the conventional IFDMA 
scheme. In addition, two MAI cancellation methods have been investigated for 
BS-IFDMA over mobile wireless channel and the order of detection and interference 
cancellation is based on users’ mobility in the system. The SMC scheme, which is the 
simpler of the two schemes, is able to maintain the system performance if the 
percentage of high mobility users is small. If there is significant percentage of high 
mobility users up to 50% present in the system, the HMC method is more suitable.  
Next, a two-dimensional code spreading for IFDMA (TCS-IFDMA) has been proposed 
to combat MAI and OCI more efficiently. The two-dimensional code spreading of 
TCS-IFDMA is not a straightforward extension to frequency domain spreading of 
VSCRF-CDMA. The time domain spreading which is equivalent to the block 






spreading as in VSCRF-CDMA system to provide an additional domain for multi-user 
allocation. The analytical and simulated results show that the proposed TCS-IFDMA 
scheme enhances the VSCRF-CDMA scheme significantly by prioritizing users in the 
time domain spreading according to the system configuration. It can be considered as 
a promising candidate for future broadband wireless packet access to achieve 
seamless handover between the cellular system and hot-spot system using the same air 
interface deployed.  
The relationship among the proposed schemes, such as BS-CDMA, TLS-CDMA, 
BS-IFDMA and TCS-IFDMA, and the existing schemes, such as CP-CDMA, 
VSCRF-IFDMA, is summarized in Figure 7-1. As shown, TLS-CDMA, BS-CDMA 
and CP-CDMA belong to CDMA scheme. TLS-CDMA is a generalized scheme for 
both BS-CDMA and CP-CDMA by changing the spreading factors in both-layer. 
TLS-CDMA is superior to BS-CDMA in a multi-cell environment, where OCI is 
significant, due to its better OCI suppression capability while BS-CDMA is superior 
to support more users in a hot-spot environment, where OCI is almost negligible, 
because of its capability to combat MAI (in this case, TLS-CDMA becomes 
BS-CDMA by setting the 1st layer spreading factor (G1) to one). In addition, 
TLS-CDMA has more flexible accommodation of the lower data rate with 
higher-quality transmission by utilizing the frequency diversity effect in the 1st layer 
spreading. Therefore, TLS-CDMA is a promising candidate for future broadband 
wireless packet access to provide a seamless deployment between multi-cell and hot 
spot environment using the same air interface by changing the two-layer spreading 







On the other hand, TCS-IFDMA, BS-IFDMA and VSCRF-CDMA belong to IFDMA 
scheme. TCS-IFDMA is a generalized form for both BS-IFDMA and VSCRF-CDMA 
by changing the spreading factors of {Gt, Ui, G}. In IFDMA scheme, BS concept has 
been viewed as providing an additional domain for more flexible user allocation in 
multi-user system. Similarly, TCS-IFDMA is superior to BS-IFDMA in a multi-cell 
environment, due to its better OCI suppression capability while BS-IFDMA is 
superior to support more users in a hot-spot environment because of its capability to 
combat MAI. Enhancing the performance of DoCoMo’s VSCRF-CDMA scheme, 
TCS-IFDMA can be considered as a promising candidate for future broadband 
wireless packet access to achieve seamless handover between the cellular system and 
hot spot system. Compared to TLS-CDMA, TCS-IFDMA has more flexibility to 
provide multi-user allocation, therefore showing its robustness over mobile wireless 
channel with high mobility.  
 


























7.2 Future Research 
There are a variety of fruitful areas for future research on the design of new air interface 
for future broadband wireless packet access. Our current work on the performance 
analysis of the proposed new air interface is based on the assumption of time invariant 
channel across the BS period, i.e., the channel variation across the consecutive blocks is 
negligible. The performance analysis can be extended to the work where the channel 
variation across the consecutive blocks is not negligible.  
Furthermore, our current work on the performance studies of the proposed air interface 
schemes is based on the assumption of perfect channel estimation. In practice, the 
system performance will be degraded due to the channel estimation error. Studying the 
effect of channel estimation and pilot design for the proposed new air interface scheme 
is another aspect for future research. In addition, due to the severe multi-user 
interference in the conventional CDMA system, the MIMO detection for multi-user 
CDMA system becomes complicated. However, with the help of BS, the proposed new 
air interface has removed MAI effectively. It is interesting to investigate the system 
performance employing MIMO techniques, such as space-frequency scheme for future 
evolution of CDMA system.  
Lastly, our current work focuses on error probability analysis of the proposed air 
interface schemes. Another important measure that has not been investigated is the 
capacity of the proposed schemes. It is essential to determine the capacity of the 
systems under realistic broadband wireless channel.  
Last but not least, we hope the work done in this thesis can spark more ideas on the new 
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